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ABSTRACT

Stalbaum, Tyler P., Ph.D. M.E., University of Nevada, Las Vegas, August 2016.
Ionic Electroactive Polymer Devices: Physics-Based Modeling with Experimental Investigation and
Verification.
Major Professor: Kwang J. Kim.

The primary focus of this study is to examine, understand, and model ionic electroactive
polymer based systems in attempt to further develop this field of study. Physics-based modeling is
utilized, as opposed to empirical modeling, to achieve a deeper insight to the underlying physics. The
ionic electroactive polymer system of primary interest in this study is ionic polymer-metal composite
(IPMC) devices. Other similar devices, such as anion-exchange membrane (AEM) type actuators and
flow battery systems are also investigated using the developed model. The underlying physics are in the
studies of transport phenomenon for describing the ionic flow within the polymer membrane, solid
mechanics for describing deformation of the given devices, electric potential and electric currents
physics for the voltage across the devices, and ion exchange along with chemical reaction in case of flow
batteries. Specific details of these systems are analyzed, such as geometrical and electrode effects. The
results in modeling IPMC actuators and sensors have been used to experimentally validate the modeling
framework and have provided keen insight to the underlying physics behind these transduction
phenomena. The developed models will benefit researchers in these fields and are expected to provide
a better understanding of these systems. This study provides a framework for design and fabrication of
advanced, highly integrated, ionic migration and exchange polymer-composite devices.
In particular, this work focuses on finite element simulations of ionic electroactive polymers
using COMSOL Multiphysics versions 4.3 through 5.2, with primary focus on ionic polymer-metal
composite devices. The basic framework model for IPMCs is of greatest importance and is the initial
focus of this work. This is covered in Chapter 3 in detail with experimental comparison of results. Other
iii

aspects of interest are geometrical and electrode effects of IPMCs, which are discussed in Chapter 3 and
Chapter 4. Applications of the modeling framework, such as in modeling other electroactive polymer
actuators is covered in Chapter 5 and Chapter 6, which includes simulations of electrodeless artificial
cilia actuators in lithium chloride (LiCl) electrolyte, discussion and modeling of all-Vanadium oxidation
reduction (redox) flow battery devices, fluid-structure interactions with IPMCs, and discussion of
implementing the modeling framework for anion type IPMCs. Two publications from Journal of Applied
Physics and one paper accepted for publication from the Marine Technology Society Journal are
included herein, with publisher permission. These papers focus directly on topics of interest to this
work. They underwent several revisions and are included in full or large excerpt form to provide the
most accurate description and discussion of these topics. The author of this dissertation is first author
and did much of the work of one of the three papers; specific author contributions for the other two
papers are detailed before each paper is presented, in which the author of this dissertation was
primarily responsible for finite element simulations, discussion, and revisions. Chapter 7 and Chapter 8
contain conclusions and recommendations for future work, respectively.
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CHAPTER 1. INTRODUCTION

Ionic polymer-metal composites (IPMCs), a type of electroactive polymer (EAP) which exhibit large
deformation at low operational power, have been of great interest in development of actuation and
sensor applications for over 2 decades [1-3]. These studies have included implementing IPMCs for use in
robotics, microfluidics, and medical applications such as active catheters [4-11]. IPMCs are of interest to
many studies and soft-robotic applications because of large controllable deformations at a low
operating voltage, referred to as electromechanical transduction.
Alternatively, they may be used to measure an electric response for a given deformation [3, 12].
This allows IPMC devices to be developed into actuators and sensors, which can also be made into selfsensing actuators [13-16]. Furthermore, fabrication techniques have improved which allow much
smaller IPMC devices and IPMCs of complex geometries to be made. Given the characteristics of IPMCs
and these recent advances, advanced lightweight robotic devices of fundamentally interactive
characteristics can be made with a complete understanding of the underlying physics. However, a large
part of this progress is in fabrication and experimental studies, with little insight to the governing
physics. Due to the complicated nature and small size scale of the ion-transport and deformation
problem in electroactive polymers, experimentally visualizing the underlying phenomenon is difficult
and not often performed [17]. Finite element analysis simulations can offer a significant tool for further
understanding the physical characteristics of such devices.
Several studies have focused on electroactive polymer modelling and have developed models for
IPMCs. However, for the large part these models are restricted to experimentally calibrated models for
individual IPMC devices, being primarily empirical in form. This provides a useful tool for modeling
applications in dynamics and controls of specific cases of electroactive polymer actuation, but these
types of models do not provide any additional insight into the governing physical mechanisms of these
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devices. Additionally, the previous physics-based models are limited in applicability for complex
geometry IPMCs and are semi-empirical in the case of electromechanical transduction. This research
project is focused on physics-based modeling to provide a deeper insight to the underlying physics by
offering simulation tools to investigate the material properties, geometry, and governing mechanisms
involved.
This study provides a coupled physics-based model for IPMC devices of complex shapes and differing
applications. This will allow researchers to understand more fully the performance and optimize
fabrication techniques for these devices. Moreover, it has potential commercialization due to the
potential increased accuracy and better performance obtainable by means of computational
optimization. An experimental study has been done to verify simulation results and determine accuracy
of model predictions. Furthermore, many similarities exist in the fundamental physics governing flow
batteries and IPMC devices. Therefore, this study also includes modeling of flow battery systems.
Much effort has been devoted to addressing certain issues with IPMC models that have hampered
further development and understanding. However, there are several key issues that remain unclarified
in currently published research on the topic. This study will focus on these issues, namely the issues of
solid mechanics and ion transport physics in Chapter 3, back relaxation (in response to a constant
electric field, the actuator reaches a maximum displacement before “relaxing” backwards, often
surpassing the equilibrium position) in Chapter 3, sizing and geometrical effects in Chapters 3-5, and
electrode effects in Chapter 4.
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1.1 Problem Statement
The present study seeks to address the challenges impeding further development and design of
IPMC transducers through physics-based modeling with specific emphasis on existing model
shortcomings. The objective is to provide a thorough physics-based model which is adaptive to several
specific aspects of IPMC transduction. The underlying physical mechanisms responsible for each of
these aspects is studied and discussed herein. This approach will provide researchers and developers
with a further understanding and the knowhow to design more effective devices with IPMCs. Numerical
modeling in this study was done by finite element analysis (FEA) and executed with COMSOL
Multiphysics versions 4.3 through 5.2. Experimental setups were designed for model verification.
Simulation results are presented in comparison to experimental data. The accuracy of the models is
discussed; in general, the simulation results can be said to show good agreement with experimental
data. This work is expected to provide researchers in subjects of soft-robotics and ionic-transport device
development with simulation methods to assist in performance analysis, design, and development of ion
migration based electroactive polymer devices.
This dissertation is organized as follows. First, a review is presented of IPMC development, the
significance modeling has played in its progression, and the current issues hampering further
advancement in the field. Then the chapters are organized starting with the fundamental physics-based
backbone of the IPMC model. The fundamental backbone of the IPMC model relates the ion transport
physics, electrical potential, and solid-mechanics to achieve dynamic models for IPMC actuation and
sensing; the actuation and sensing models both utilize the same underlying physics, namely the PoissonNernst-Planck equations for ion transport and electrical potential along with a linear elastic material
solid-mechanics model for IPMC deformation. Additionally, this chapter includes focus on several
important issues, including back-relaxation. A paper by the author published in Journal of Applied
Physics (Stalbaum, T., Pugal, D., Nelson, S. E., Palmre, V., and Kim, K. J., “Physics-based modeling of
3

mechano-electric transduction of tube-shaped ionic polymer-metal composite,” 117(11), 114903, 2015)
is included in this chapter to highlight tube-shaped IPMC sensors. This dissertation author is first-author
of this paper and did much of this work. The next several chapters contain modeling adaptations of the
fundamental IPMC model to highlight specific existing issues hampering IPMC development, including a
chapter focused on electrode effects which includes another Journal of Applied Physics paper (Shen, Q.,
Palmre, V., Stalbaum, T., and Kim, K. J., “A comprehensive physics-based model encompassing variable
surface resistance and underlying physics of ionic polymer-metal composite actuators,”118(12), 124904,
2015). This dissertation author is third-author on the above paper and contributed primarily to the
physics-based modeling and overall discussion. Following this chapter, a chapter focused on
electrodeless, biomimetic EAP actuators is included. This chapter includes a paper accepted for
publication from the Marine Technology Society Journal (Kim, K.J., Palmre, V., Stalbaum, T., Hwang, T.,
Shen, Q., and Trabia, S, “Promising developments in marine applications with artificial muscles:
electrodeless artificial-cilia microfibers,” accepted for publication). This dissertation author is thirdauthor on this paper and contributed primarily to modeling and overall discussion. Each chapter that
contains published material begins with a short description emphasizing the importance of the work and
relevance to this study. Additionally, specific author contributions are highlighted at the beginning of
chapters that contain previously published material. Finally, a chapter offering special case example
applications of the overall modeling framework is presented, which includes modeling and discussion of
prospective Vanadium Redox Battery (VRB) systems, IPMC interaction with fluid flow, and a section on
mobile-anion based IPMCs. The remaining two chapters contain concluding remarks made together
with suggestions for future work.

4

CHAPTER 2. BACKGROUND

Artificial muscles have been a subject of rapid development for over a century, with possibly the
earliest contributions from Roentgen [18]; although the term dates back into the early 19th century [19].
The term artificial muscle has become nearly synonyms to soft-robotic actuators and electroactive
polymer devices. Albeit apart from direct application as artificial muscles, these developed actuators
have been suggested for a wide range of applications, including but not limited, to underwater
actuators, interplanetary actuators, and medical instruments such as active catheters. Additionally,
there has been a large focus in biomimetic research of aquatic life; for example, such devices have been
suggested for use to mimic swimming motions of fish, jellyfish, and mimicry of dolphin skin to reduce
surface drag with sub-dermal actuators. Research in electroactive polymers has had a major impact on
the development of such devices [1].
Ionic polymer-metal composite actuators, an electroactive polymer device, are one of the primary
candidates for the aforementioned applications. The fundamental mechanism of electromechanical
transduction of IPMC materials is a localized swelling deformation caused by the redistribution of
positively charged ions and water molecules within a polymer membrane due to an applied electrical
field [20, 21]. This creates an electrically controllable deformable soft-substrate, and hence a softrobotic actuator. Conversely, IPMC materials can be used as kinematic sensors to measure a given
deformed state or motion by measuring the induced electric field at embedded electrodes [12].
Other electroactive polymers such as dielectric type EAPs, electrorheological fluids (ERF), ionic
polymer gels (IPG), and several others work based on either ionic motion, similar to an IPMC, or by
coulomb forces [22]. Dielectric EAPs are composed of a low-stiffness polymer with very high dielectric
constant that can achieve good output forces and strains; however, a high voltage input which is close
to the material breakdown strength and creates safety issues is required; hence, further development is
5

needed to effectively use this type of EAP [22]. Electrorheological fluids are a mixture of particles and
fluid of different dielectric constants, which when in the presence of an electric field, the particles form
chains due to an induced dipole moment. This changes the materials viscosity drastically, allowing the
ERF to change consistency from a liquid to a gel. These types of EAP have been used in developing shock
absorbers, damping systems, and variable flow pumps [22]. For a thorough characterization and
comparison of the many existing EAP technologies, the reader is recommended to J.D.W. Madden 2004
[23]. Alternatively, IPMCs are of very unique characteristics with regard to the other available EAP
devices. They offer low power input, high bending deformation, and they operate well in aquatic and
hydrated environments [1]. However, a complete and thorough physics-based understanding of this
type device is still being sought by the EAP community with emphasis on existing model shortcomings;
therefore, IPMC devices have been selected as the focus of this study. This study addresses several of
the existing IPMC modeling issues in the topics covered by the chapters herein.
Development of models for predicting the response of IPMC actuators and sensors has provided
insight to the working mechanisms of these devices. Early models were made in a black-box, or greybox modeling approach; that is, they were either wholly or partially empirical. These models are useful
in predicting transducer response. These models have been successfully implemented into control
electronics using both feed-forward and feedback loop controls to achieve high-precision and accuracy
actuator devices [24-29]. Empirical modeling was the first step towards enabling application of IPMCs in
robotic devices; however, they do not provide deeper information to the underlying physics and working
mechanisms. Furthermore, these models cannot, without accompanying characterization studies, assist
developers in advancing technologies in IPMC device design and fabrication.
Partially physical, semi-empirical, and some fully physics-based models have also been presented.
These offer a great deal of insight into the working mechanisms of IPMCs and can help developers
investigate design criteria to optimize response of a specific electroactive device. As one might expect,
6

many of the advances in IPMC research have come from these studies of the underlying device physics.
It enables researchers to have key insight to desirable material characteristics, geometrical design,
electrode fabrication, and design efficiencies. However, there are still several key issues hampering
further understanding and development, such as coupling of solid mechanics to ion transport physics in
actuation of IPMCs, back relaxation during actuation, sizing and geometrical effects, and electrode
effects. This study attempts to investigate these issues to help advance modeling of such devices. A
thorough physics-based understanding of these phenomena will advance the applicability and
usefulness of IPMC materials as dynamic transducers.
In particular, the issue of back-relaxation during actuation can be considered one of the primary
problems delaying application of IPMC actuators in industrial robotic and spacecraft operations. It can
be observed that the initial response to a constant DC voltage of an IPMC tip-displacement quickly
reaches a maximum, followed by a slow return towards the initial position, without reaching this
position and maintaining an amount of residual deformation. An example experimental trace depicting
this issue is shown in Fig. 2.1. If the applied electric field is removed, it bends further toward the initial
position and may surpass it, ending at another deformed state. This creates issues in applications of
IPMC actuators because at constant charge the response is non-steady, making maintaining a static
position very difficult. This phenomenon can be attributed to the internal pressure-induced water
diffusion through the swollen polymer into the electrode and past the solid-liquid interface. This is
described in section 3.5.
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Figure 2.1: Experimental example of back-relaxation of an IPMC actuator (50mm x 10mm x 0.5mm)
completely submerged in deionized water in response to a constant 3 V input

Additionally, a thorough understanding of the geometrical and sizing effects in ion transport and
deformation of IPMC devices would be helpful to develop more complex or micrometer scale types of
these devices [24, 30]. It is clear that thicker actuation devices result in lower bending displacement
than thin samples due to the increased mechanical structural rigidity from an increased area moment of
inertia [31]. However, there should be a contribution from ion concentration changes that are relative
to the cross-sectional geometry as well, because the primary contribution to the IPMC actuation physics
is commonly accepted to be due to a highly concentrated region of collected cations and water
molecules in a very narrow region near the swollen electrode, which agrees with physics-based
simulations [32]. Scaling down IPMC actuators has been suggested for applications in robotics and
medicine, with one such example being a guided operational tool for surgical operations [24, 33].
Furthermore, understanding IPMC deformation in complex shaped devices, such as that suggested by
Kim and Shahinpoor [34] as shown in Fig. 2.2, would facilitate research and development of such
devices, which are currently unrealizable due to fabrication restrictions; however, a thorough physicsbased understanding and confirmation of the theory have also not yet been developed. This is a topic of
exploration and is highlighted throughout Chapters 3 through 5.
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Figure 2.2: Conceptual illustration of a complex three-dimensional shaped, electrically controllable
artificial muscle (AM) actuator. Reprinted from Polymer, 43(3), Kim, K.J., and Shahinpoor, M., “A novel
method of manufacturing three-dimensional polymer-metal composites (IPMCs) biomimetic sensors,
actuators and artificial muscles”, 797-802, (2002), with permission from Elsevier [34]

Furthermore, much effort has been devoted within the smart material community into investigating
the electrode properties and plating techniques used to fabricate IPMCs [35]. Adaptations to the
physics-based models to incorporate electrodes more accurately have been presented. Specifically,
models have been developed which include the varying electrical properties of the electrodes during
bending of the IPMC, such as the resistance and capacitance, due to the local strains, which affect the
response of the IPMC. These effects have been reported and a model was presented [36, 37]. In this
study, these models have been incorporated into the fundamental physics-based model to achieve a
more thorough understanding of the electrode effects, including in Chapter 4. This model can assist
developers in understanding the advantages and disadvantages of different electrode fabrication and
plating techniques and how they affect the response of the actuator.
Another industry which has shown great interest in the development of smart transduction devices,
with specific interest in IPMCs, is the Navy and maritime transportation industries. For many years
systems have been developed for environmental monitoring of waters surrounding a ship or submerged
object; however, to date such devices are costly, bulky in mechanical equipment and/or electronics, and
are prone to low spatial resolution. This has rendered their application in maritime travels mostly
unjustified. In this study, an IPMC sensor is investigated under the presence of flow fields in a flow
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channel designed for mechanoelectric sensor experiments. A physics-based model has been developed
to encompass the fluid-structure interaction effects. A discussion of the modeling differences and issues
is presented in Chapter 6. These devices show high dynamics response, high spatial resolution, and
limited electronics requirements. Furthermore, application of such devices in an arranged multiple
micro-sensor array can be coupled with micro-jets to create an appropriate feedback system to monitor
and control the flow around an object.
Another interesting application of the diffusion, migration, and charge physics modeling framework
is in describing the working phenomenon of flow battery devices. These devices employ an ionomeric
membrane, similar to IPMCs this is typically selected as Nafion, to separate two species of electrolyte
and allow transport of H+ ions while other ions are confined by this boundary. The modeling framework
developed in Chapter 3 is governed by the same physics as the transport aspects of flow batteries, and
thus expansion of the IPMC modeling framework to encompass flow battery devices, specifically the allvanadium reduction oxidation (redox) battery (VRB), has been included in this study and is presented in
Chapter 6.
Moreover, it has been of interest to the smart material research community to develop anion-type
IPMC devices; that is, IPMC devices which have freely mobile negative ions with its positive ions bonded
to the polymer backbone. This type of anion exchange membrane has shown promise in the fuel cell
and flow battery research communities due to high performance properties at a range of temperatures.
Using the modeling framework developed for cation-exchange IPMCs, a simple change of the modeling
variables and parameters can encompass this effect, and is presented in Chapter 6. Such a model is
expected to provide researchers and developers with a better understanding with regards to governing
mechanisms and performance of IPMCs with anion-exchange membranes.
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CHAPTER 3. SENSING AND ACTUATION FRAMEWORK FOR IONIC POLYMER-METAL COMPOSITES

This chapter covers the actuation and sensing framework of exemplar cases in ionic electroactive
polymer transduction, specifically those of rectangular and tube-shaped IPMC actuators and sensors.
Rectangular IPMCs are the most commonly utilized for actuators and sensors due to simplicity in
fabrication; however, tube-shaped IPMCs are of great interest for multi-directional actuation and
sensing transduction and the ability to transport species through the center hole.
In this section, a research paper published in Journal of Applied Physics is included. This study
covers finite element modeling of tube-shaped IPMC sensors in great detail, with good agreement
between experimental and simulation results, and includes a detailed explanation of the governing
physics for the framework of IPMC finite element analysis. The tube-shaped IPMC is of great interest
due to the capability of multi-directional actuation and sensing. The simulation results provide insight to
the ion migration and deformation mechanisms of a tube-shaped IPMC sensor. The authors, in order of
appearance on the article, are Tyler Stalbaum, David Pugal, Shelby E. Nelson, Viljar Palmre, and Kwang J.
Kim. Reprinted from Journal of Applied Physics, Stalbaum, T., Pugal, D., Nelson, S. E., Palmre, V., and
Kim, K. J., “Physics-based modeling of mechano-electric transduction of tube-shaped ionic polymermetal composite,” 117(11), 114903, (2015), with the permission of AIP Publishing.
The primary contributions to the physics-based modeling are from TS, DP, and KJK. The
experimental work was mostly done by SEN and VP with help from TS. The data analysis, simulations,
conclusions, and discussion were primarily done by TS and VP.
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3.1 Ionic Polymer-Metal Composite Governing Physics
The polymer membrane of an IPMC consists of anions fixed to the polymer backbone and freely
positioned positive ions, or cations. In a hydrated state, micro-channels in the polymer expand to allow
free transport of cations and attracted water molecules through the membrane. When a voltage is
applied to IPMC electrodes, the cations migrate away from the anode, dragging the attracted water
molecules with them. This causes osmotic pressure change with localized swelling near the cathode
interface and contraction near the anode, which results in an overall deformation of the IPMC. A basic
schematic of an IPMC polymer structure and electromechanical transduction phenomenon is shown in
Fig. 3.1.

Figure 3.1: Schematic of the IPMC polymer structure and hydrated cation migration within the polymer
network for electromechanical transduction

The underlying cause of IPMC electromechanical and mechanoelectrical transduction is induced ion
migration and resulting charge density in the vicinity of the electrodes. Ionic current in the polymer for
both cases can be described by the Nernst-Planck equation, which is a conservation equation for
describing the ion fluxes based on concentration changes and electric field [20]. For a single species
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absent of chemical reaction, the following species flux terms are of significance to describe the transport
of cations through the IPMC polymer membrane:

𝒋𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = −𝐷∇𝐶

(3.1)

𝒋𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 = −𝑧𝜇𝐹𝐶𝛻𝜙

(3.2)

𝒋𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = 𝒖𝐶

(3.3)

where jdiffusion is the cation diffusive flux, jmigration in electric field is the cation flux due to migration in the
electric field, jconvection is the cation convective flux, C is cation concentration, D is the diffusion
coefficient, F is Faraday’s constant, z is the charge number, and ϕ is the electric potential in the
polymer. The cation mobility, μ, can be expressed as D/RT, where R is the gas constant and T is the
absolute temperature. The cation velocity, u, can be expressed in terms of the solvent pressure
gradient as:

𝒖 = −𝜇𝑉𝐶 ∇𝑃

(3.4)

where VC is the molar volume which quantifies the cation hydrophilicity and ∇P is the solvent pressure
gradient. The change of cation concentration with time can be expressed by performing a species flux
balance over a given volume; that is, the sum of the species flux gradients and time derivative of species
concentration must equal to zero. Thus, the time-dependent transport of cations in the IPMC polymer
membrane can be described by the Nernst-Planck equation as:

𝜕𝐶
𝜕𝑡

+ ∇ ∙ (−𝐷∇𝐶 − 𝑧𝜇𝐹𝐶∇𝜙 − 𝜇𝐶𝑉𝐶 ∇𝑃) = 0

(3.5)
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An important difference between IPMC electromechanical and mechanoelectrical transduction is
the magnitude, direction, and significance of individual terms in Eq. (3.5). Besides the concentration
time derivative, the terms of Eq. (3.5) consist of three flux terms governed by the field gradients of
electric potential, concentration, and solvent pressure. In case of actuation, the electric potential
gradient term is significantly more prevalent than the solvent pressure flux, that is, zF ∇ϕ >>VC ∇P,
therefore the pressure flux term is often neglected in actuation model implementation. However, in
case of sensing, these terms are of similar significance and neither should be neglected [21]. It is also
interesting to note the direction of the electric potential gradient is opposite for sensing as compared to
actuation because the ionic current is governed by an induced pressure gradient rather than an applied
voltage.
The electric potential gradient term can be described by Poisson’s equation:

−∇2 𝜙 =

𝜌
𝜀

(3.6)

where ε is the absolute dielectric permittivity and ρ is charge density defined as:

𝜌 = 𝐹(𝐶 − 𝐶𝑎 )

(3.7)

where Ca is local anion concentration.
While the cation concentration C is governed by the Nernst-Planck Eq. (3.1), the anion
concentration is related to local volumetric strain. The volume changes in the polymer matrix affect the
local anion concentration because anions are fixed to the polymer backbone. Hence, the anion
concentration Ca is expressed:

14

𝜕𝑢1
𝜕𝑥

𝐶𝑎 = 𝐶0 [1 − (

+

𝜕𝑢2
𝜕𝑦

+

𝜕𝑢3
)]
𝜕𝑧

(3.8)

where u1, u2, and u3 are local displacements in the x, y, and z directions respectfully, and C0 is the
initial ion concentration.
Eq. (3.5) and Eq. (3.6) comprise the Poisson-Nernst-Planck (PNP) model for IPMCs and describes the
fundamental physics within the polymer membrane.
The linear elastic material model has been used to describe deformation of IPMCs. The constitutive
relation of Hooke’s Law was used to relate stress and strain in the polymer as:

𝜎11
2𝜇𝐿 + 𝜆
𝜎22
𝜆
𝜎33
𝜆
𝜎12 =
0
𝜎23
0
[𝜎13 ] [ 0

𝜆
2𝜇𝐿 + 𝜆
𝜆
0
0
0

𝜆
𝜆
2𝜇𝐿 + 𝜆
0
0
0

0
0
0
𝜇𝐿
0
0

0
0
0
0
𝜇𝐿
0

0 𝜀11
0 𝜀22
0 𝜀33
0 2𝜀12
0 2𝜀23
𝜇𝐿 ] [2𝜀13 ]

(3.9)

where εij is the normal strain in the i-direction for i = j and a shear strain for i ≠ j. Stress terms σij are
defined similarly.
The constants µL and λ are Lame’s constants, defined as:

𝐸

𝜇𝐿 = 2(1+𝜈) ,

𝜈𝐸

𝜆 = (1+𝜈)(1−2𝜈)

(3.10)

where E is Young’s Modulus and ν is Poisson’s ratio.
The system is in equilibrium if Navier’s displacement equations are satisfied, given by the relation:
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−∇ ∙ σ = 𝑭

(3.11)

where F is the body force vector per unit volume.
Newton’s Second Law is used to describe time-dependent deformation:

𝜕2 𝒖

𝜌𝑝 𝜕𝑡 2 − ∇ ∙ σ = 𝑭

(3.12)

where u is the local displacement vector and ρp is the polymer density.

3.2 Modeling Approach
A physics-based model was developed to simulate ion concentration, polymer electric potential,
charge density and displacement response to a low voltage input signal to obtain further insight into the
underlying physics for rectangular IPMC actuators. The simulation utilizes the transport of diluted
species, general form Partial Differential Equation (PDE), electric currents, and solid mechanics physics
modules in COMSOL to achieve the desired governing set of PDEs. The transport of diluted species and
general form PDE physics provide the Poisson-Nernst-Planck (PNP) set of coupled PDEs, which are used
to describe cation concentration and electric potential within the polymer. A linear elastic material
model with infinitesimal strain theory was implemented for the solid mechanics physics.
During electromechanical actuation of an IPMC by supplied voltage input to its electrodes, the main
contribution to the deformation is assumed to be the cation migration and corresponding swelling
effects. The contribution from the concentration gradient and electric potential are much larger than
the contribution of the pressure gradient for electromechanical transduction and this term has been
omitted from the Nernst-Planck equation, as expressed in (3.5). Poisson’s equation as used in the model
is expressed in (3.6). Furthermore, in electromechanical transduction, the change of anion
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concentration is assumed to be very small in comparison with the change in cation concentration and
hence the charge density is assumed to be a function of cation concentration only, expressed in (3.7)
where Ca is kept fixed. A body force in the bending direction, which is assumed to be proportional to
the charge density as Fz = αρ, is the input into the solid mechanics model. The solids mechanics
describe the stress, strain, and local displacement. The governing solid mechanics equation used is
expressed in (3.8), where ρp was taken as ρp = 874 kg/m3.
Because the material is assumed to deform primarily in the bending plane, plane strain deformation
was assumed. The electromechanical model first utilizes (3.5), (3.6), and (3.7) to solve for the charge
density, ρ. Then, (3.9), (3.10), and (3.11) are solved for the deformation. The mechanoelectrical model
is performed in the opposite order and first utilizes (3.9), (3.10), and (3.11) to solve for the stress and
deformation throughout the polymer, and then (3.5), (3.6), and (3.7) are solved for the charge
throughout the polymer and at the electrodes.
Effective dielectric permittivity values were varied to fit the mechanoelectrical models. A
proportionality coefficient of 0.0003 [N/C] was used for relating charge density in the polymer to body
force for the electromechanical models. Additional modeling parameters are provided in Table 3.1.
Table 3.2 summarizes the primary differences in IPMC modeling of electromechanical (actuation) or
mechanoelectrical (sensing) transduction types.
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Table 3.1: Constant model parameters used in framework IPMC simulations.
Model parameter

Value

Diffusion coefficient,
D

5e-10 m2/s

Faraday’s constant, F

96,485 s∙A/mol

Charge number, z

1

Molar volume
change, VC

5e-4 m3/mol

Gas constant, R

8.31 J/mol∙K

Absolute
temperature, T
Effective dielectric
permittivity, ε
Initial ionic
concentration, C0

293 K
1.8 F/m
1,100 mol/m3
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Table 3.2: Summary of primary modeling differences between electromechanical and mechanoelectrical
transduction in IPMC actuators.

3.3 Experimental Procedure
IPMC sample preparation consists of four primary steps: (1) activation by hydrolysis reaction, (2)
primary electrode plating by impregnation reduction, (3) secondary electrode plating by chemical
deposition, and (4) ion exchange in the membrane. In case of rectangular IPMC samples, a thin film of
cast Nafion can be purchased or fabricated. Further fabrication instructions are provided in section
3.5.3.
The experimental setups for IPMC electromechanical or mechanoelectrical transduction consist of 4
primary components: (1) a clamp for holding the IPMC and transferring electricity to the electrodes, (2)
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a water tank for maintaining a hydrated environment for the IPMC, (3) an input device of a mechanical
shaker for mechanoelectrical experiments or a power supply for electromechanical experiments, and (4)
a data acquisition system for measuring the desired output signal. For the case of electromechanical
transduction experiments, the desired output signal is IPMC tip-displacement and is measured by means
of a laser displacement sensor. In case of mechanoelectrical transduction experiments, the desired
output is the electrode signals and is measured by means of an amplified circuit and recorded in
LabVIEW.

3.4 Results
Figure 3.2 and Fig. 3.3 are of experimental and simulated results for a rectangular IPMC actuator and
sensor, respectively. The red curve is experimental and black dot-dashed curve is simulated tipdisplacements for the case of actuation and electrode voltage response for the case of sensor. These
results show good agreement for rectangular IPMC of dimensions ~50mm x 10mm x 0.5mm.

Figure 3.2: Electromechanical response of a rectangular IPMC to input of a 4.0 V peak-to-peak sinusoidal
electrode potential (blue dotted curve) at 1 Hz frequency
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Figure 3.3: Mechanoelectrical response of a rectangular IPMC to input of a 10.0 mm peak-to-peak
sinusoidal tip-displacement (blue dotted curve) at 1 Hz frequency

3.5 Back-Relaxation
The issue of back-relaxation during actuation can be considered one of the primary problems
delaying application of IPMC actuators in industrial robotic and spacecraft operations. It can be
observed that the initial response to a constant DC voltage of an IPMC tip-displacement quickly reaches
a maximum, followed by a slow return towards the initial position, without reaching this position and
maintaining an amount of residual deformation. If the applied electric field is removed, it bends further
toward the initial position and even may surpass it, ending at another deformed state. This creates
issues in applications of IPMC actuators because at constant charge the response is non-steady, making
maintaining a static position very difficult. This phenomenon has been attributed to the internal
pressure-induced water diffusion through the swollen polymer into the electrode and past the solidliquid interface.
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Modifications are made to the IPMC modeling framework to include a time-varying body force
which can represent the back-relaxation phenomenon. The force coupling component of the IPMC
framework model has been utilized in previous works as a linear proportionality to the charge density
inside the polymer, higher order proportionalities, or as follows [21]:

𝐹𝑧 = 𝛼

𝑠𝑔𝑛(𝜌)+1 2
𝜌
2

−𝛽

𝑠𝑔𝑛(𝜌)−1
𝜌
2

(3.13)

where sgn(ρ) = +1 for ρ > 1 and sgn(ρ) = -1 for ρ < 1, α and β are experimentally
determined proportionality coefficients, and Fz is the body force in the direction of actuation. Using
the force coupling of (3.13), originally proposed by D. Pugal [21], the higher order component is only
applied near the electrode where ρ > 1; additionally, the linear portion is applied only where ρ < 1. In
a similar fashion, one would like to include a relaxation force only near the swollen electrode, that is, the
electrode that ρ < 1, because in the physical mechanisms of back-relaxation, it is expected the water
diffuses through the swollen electrode, causing a relaxation in total force on that side. To encompass
this effect, an additional term is included in the force coupling equation as:

𝐹𝑧 = 𝛼

𝑠𝑔𝑛(𝜌)+1 2
𝜌
2

−𝛽

𝑠𝑔𝑛(𝜌)−1
𝜌
2

− 𝑘𝑟

𝑠𝑔𝑛(𝜌)−1
𝑡
2

(3.14)

where kr is the back-relaxation temporal coefficient, which can be thought of as a damping component
within the given time range.
Simulations were developed in COMSOL Multiphysics 5.2 using the framework model of Chapter 3,
with the force coupling equation given in (3.14), for an IPMC actuator in response to 1 V, 2 V, and 3 V
inputs to compare with experimentally collected data. The coefficients α and kr are calibrated per
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experimental test to achieve best fit results. Parameter values used in simulations are given in Table
3.1. Fitted calibration coefficients are given in Table 3.3.

Table 3.3: Force coupling coefficients for back-relaxation modeling.
Model parameter

Response to 1 V input

Response to 2 V input

Response to 3 V input

α

4.5e-9 N∙m3/C2

1.4e-8 N∙m3/C2

1.9e-8 N∙m3/C2

β

3e-8 N/C

1.2e-7 N/C

2e-7 N/C

kr

0.07 N/s∙m3

0.19 N/s∙m3

0.24 N/s∙m3

An IPMC actuator of dimensions width x length x height of 9.94mm x 51.07mm x 0.57mm was
utilized for experimental measurements of DC response for 1 V, 2 V, and 3 V inputs. A schematic of the
IPMC actuator experimental setup is shown in Fig. 3.4. The IPMC tip-displacement was measured at a
location of 6mm above the free-end of the IPMC cantilever. The clamped region was measured to be
roughly 10mm. Simulation results for displacement of a center location at 6mm above the free-end of
the IPMC with a 10mm clamped region are shown in Fig. 3.5 with comparison to experimental
measurements.

Figure 3.4: Illustration of the IPMC electromechanical experimental setup
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Figure 3.5: Experimental and simulated IPMC displacement at measured location of 6mm above the
free-end in response to 1V, 2V, and 3V DC actuation

The simulation results and experimental results are in good agreement for the given range of input
and parameter values utilized in simulations. It can be concluded that this form of force-coupling
equation can be used to encompass the back-relaxation effects; however, it further complicates the
force-coupling and must be implemented on a case-by-case basis. Furthermore, it should be noted that
the difference between separations in the curves at 1 V to 2 V as compared to that of 2 V to 3 V could be
attributed to several factors, specifically that at higher voltage, the bending displacement of the IPMC
will reach a maximum bending saturation, that is, for any increase in voltage after this point, the IPMC
will not exhibit larger bending response. In addition, the accuracy in the experimental voltage was near
0.1 V; therefore, the signal input values may be slightly inaccurate. This is also noticed in the parameter
values, because these required a different value for each input voltage as can be seen in Table 3.2. This
can be attributed to the difference in simulated as compared to experimental voltages.
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3.6 Frequency Response of Ionic Polymer-Metal Composite Actuators
It is of great importance to understand the frequency response characteristics of an IPMC actuator
for understanding the applicable range and expected transducer deformations. IPMCs are used within
the range of 0.1 to 20 Hz [38]; therefore, this range has been selected for frequency analysis.
Simulations based on the modeling framework presented in this chapter using the parameter values as
described in Table 3.1. Figure 3.6 shows the simulated frequency response curve for the typical
operational range of an IPMC actuator at a sinusoidal input voltages of 2V and 4V peak-to-peak. IPMC
dimensions of length x width x thickness of 20 mm x 5 mm x 0.25 mm with a 5 mm fixed region to
represent the clamp.

Figure 3.6: Simulated electromechanical frequency response of a 20mm x 5mm x 0.25mm rectangular
IPMC actuator at 2V peak-to-peak and 4V peak-to-peak sinusoidal inputs

Similarly, simulated frequency response curves for an IPMC as a mechanoelectrical sensor are
provided in Fig. 3.7 for sinusoidal tip-displacement of 10 mm and 5 mm peak-to-peak amplitudes at a
range of frequencies from 0.1 to 20 Hz. IPMC dimensions are the same as those used for Fig. 3.6.,
specifically of length x width x thickness of 20 mm x 5 mm x 0.25 mm.
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Figure 3.7: Simulated mechanoelectrical frequency response of a 20mm x 5mm x 0.25mm rectangular
IPMC sensor at 5mm and 10mm peak-to-peak sinusoidal inputs

Several important observations can be made from Fig 3.6 and Fig 3.7. Figure 3.6 shows the
response magnitude (free-end displacement) increasing with decreasing frequency, as would be
expected of an actuator due to having a longer time period per charging and discharging cycle. Also
note, the response increases slightly at 20 Hz, which can be attributed to a resonant frequency of IPMCs
around 18 Hz [38]. However, in Fig. 3.7, the mechanoelectrical sensor frequency response
characteristics display nearly unwavering response magnitude (electrode voltage) for change in
frequency within the typical operational range. This can be attributed to the primary contribution to
mechanoelectrical transduction in the Nernst-Planck equation, namely the change in anion location
based on volumetric strain which is insensitive to operational frequency. Additionally, the frequency
response as a sensor shows a slight decrease at 20 Hz, opposite of the increase seen in the actuator
frequency response, which is likely also due to a resonant frequency around this value and corresponds
to an increase in cation gradient near the electrodes, which acts against mechanoelectrical transduction
in case of an IPMC as a sensor.
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3.6.1 Response of an IPMC to Shear Loading
Mechanoelectrical transduction of an IPMC of dimensions 20mm x 5mm x 0.25mm in response to
shear loading was also simulated for the range of frequencies of interest. The bottom face of the IPMC
was held fixed, while the top face was given a prescribed sinusoidal displacement in the length direction
of 2mm and 4mm peak-to-peak at a range of frequency from 0.1 – 20 Hz. Figure 3.8 shows the
maximum peak-to-peak electrode voltage over the frequency range. Similar to that observed in bending
mechanoelectrical transduction simulations, the magnitude of the response is nearly independent of the
input frequency. As was previously proposed, this is likely due to the primary contribution to
mechanoelectrical transduction in the Nernst-Planck equation is from the anion migration, and in-turn
due to the volumetric strain, which is only dependent on particle position within the body and is
insensitive to temporal effects. The very slight variation from the same value over the range of
frequencies is likely caused by the alternative factors in the Nernst-Planck, namely the contributions
from cation diffusive flux and migration acting against the magnitude of the sensor signal.

Figure 3.8: Simulated mechanoelectrical frequency response of a 20mm x 5mm x 0.25mm rectangular
IPMC sensor at 2mm and 4mm peak-to-peak sinusoidal top-face shear inputs
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Additionally, it is of interest to note that for the given example simulations, a 2mm peak-to-peak
displacement in shear, where the top face moves in a prescribed sinusoidal motion and the bottom face
remains fixed, shows a larger electrode response than for the 10mm peak-to-peak bending
displacement of the free-end, given the actuators are of dimensions 20mm x 5mm x 0.25mm. To further
investigate these results, Lagrangian strain has been calculated for both bending and shear cases. In
solving for Lagrangian strain for both cases and comparing principal strains, one finds the principal strain
of an IPMC of dimensions length L, width w, and height h under bending strain as:

ℎ

1

ℎ 2

𝜖𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙,𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 2𝑟 + 2 (2𝑟)

(3.15)

where 𝜖𝑚𝑎𝑥 is the strain along the tensioned surface (bottom surface for positive y-direction free-end
displacement), which is also the same for the case of bending as its principal strain, and 𝑟 is the radius of
curvature of the bent IPMC, which can be found by solving the following equation in an iterative method
for 𝑟 given free-end displacement and IPMC dimensions:

𝐿

𝛿 = 𝑟 [1 − 𝑐𝑜𝑠 (𝑟 )]

(3.16)

where 𝛿 is the maximum free-end displacement of the input to the IPMC. Equations (3.15) and (3.16)
are derived analytically using Lagrangian strain methods, assuming constant radius of curvature
throughout the bent configuration. The volumetric strain can be given as the Jacobian of the given
deformation; for the top surface during bending this is of the form:

𝐽𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 1 −

ℎ
2𝑟

(3.17)
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For the case of shear input as described previously, assuming homogeneous deformation with the
top surface moving and bottom fixed, the maximum principal strain calculated from the Lagrangian
method is:

𝜖𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙,𝑠ℎ𝑒𝑎𝑟 =

𝑘2
4

𝑘

𝑘2

±2√4 +1

(3.18)

where 𝑘 is a nondimensional shear displacement, which is the ratio of the maximum displacement of
the top face of the IPMC to the IPMC thickness (𝑘 = 𝛿𝑠ℎ𝑒𝑎𝑟 /ℎ). It can be noted that the Jacobian is
𝐽 ≈ 1 for the case of shear loading, with very little to no volume change. Appendix B contains a
detailed derivation of (3.15), (3.16), (3.17), and (3.18). In comparing (3.18) to (3.15), one can readily see
the strain is much larger for the given case of shear as compared to bending for similar displacements,
given the dimensions of the IPMC in question. This is observed in the value of the nondimensional shear
displacement, which given an IPMC thickness of only 0.25mm, is large for even small top-face shear
displacements, and it is to the second power in (3.18). Alternatively for bending strain, the value of 𝑟
is typically quite large, that is, ℎ < 2𝑟, such that the strain is much less for similar displacements. This
provides evidence for the large difference in simulated response for shear as compared to bending
displacement response as observed in Fig. 3.7 and Fig. 3.8.

3.7 Finite Element Simulations of Tube-Shaped Ionic Polymer-Metal Composite Sensors
Tube-shaped ionic polymer-metal composite (IPMC) mechanoelectrical transducers have been
examined through simulation and experimental investigation for use as multi-directional sensor devices.
COMSOL Multiphysics 4.3b is used to achieve 3D time-based finite element simulations including all
relevant physics. A physics-based model is proposed to simulate mechanoelectrical transduction of 3D
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shaped IPMCs. Configuration of interest is a tube-shaped IPMC with multi-directional transducer
capabilities. The fabricated IPMCs have an outer diameter of 1 mm and a length of 20-25 mm. Multidirectional sensing results are presented. Additionally, cation migration simulations provide keen
insight into the differences in actuation and sensing phenomena in IPMC transducers. The cation rise in
a very small (roughly 10 micrometers) sub-surface layer near the electrodes is several orders of
magnitude larger in case of actuation than in case of sensing. Furthermore, the signal produced from
sensing is of opposite charge direction as that provided as input for actuation to achieve the same
displacement. However, cation rise is in the same direction, indicating anion concentration change as
the primary effect in sensing. The proposed model is independent of general geometry and can be
readily applied to IPMC sensors of other complex 3D shapes.

3.7.1 Model Implementation
3-dimensional finite element simulations were performed using COMSOL Multiphysics 4.3b software
to couple mechanical deformation with ionic concentration, diffusion, and migration physics. The mesh
used for all simulations was extra fine in the radial direction with a set node distribution along the edges
and sparsely swept along the longitudinal direction. The mesh and IPMC tip geometry are shown in Fig.
3.9.

Figure 3.9: IPMC tip geometry and mesh used in finite element simulations of tube-shaped IPMCs
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The simulation utilizes the Solid Mechanics, Transport of Diluted Species, Electric Currents, and
General Form PDE COMSOL physics modules to achieve the desired governing equations. A linear elastic
material model was implemented for the solid mechanics physics, where the material property values
used are shown in Table 3.4. The transport of diluted species and general form PDE physics provide the
PNP differential equations, which have been used to describe cation concentration and electric potential
gradient during IPMC deformation. The model is split into two studies: (1) the deformation is calculated
independently, and (2) the PNP differential equation model is applied to find ionic concentration and
electric potential throughout the IPMC. In the case of sensor simulation, study (1) is computed first
followed by study (2). Modeling is performed in the opposite order for actuator simulation.

Table 3.4: Material properties used for solid mechanics model for tube-shaped IPMCs.
Material property

Value

Young’s modulus, E
[ref. 24]
Poisson’s ratio, ν
[ref. 24]

0.2 GPa
0.49

Polymer density, ρp

874 kg/m3

The model input is a prescribed tip displacement of a rigid connecter on the IPMC tube’s free-end
with the opposite end held fixed, which is similar to the experimental setup. The solid mechanics
physics describe stress, strain, and local displacement throughout the specimen for a prescribed tip
displacement. The solid mechanics model is primarily coupled to the PNP model through the term,

μCVC∇P, from Eq. (3.1), where the solvent pressure is related to the polymer pressure by ∇P = -∇p,
where p is the polymer pressure found from the solid mechanics model as the average normal stress at
each location. Additionally, the PNP model is coupled to the solid mechanics model through anion
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migration, as indicated in Eq. (3.8). There are no empirical or experimentally determined coefficients
apart from material properties for the given sensor model. The accuracy of the results will be discussed
in a following section.

3.7.2 Sample Preparation and Experimental Setup
Nafion pellets are heated above glass transition temperature and are extruded in the cross-sectional
shape shown in Fig. 3.10. The polymer is tensioned after extrusion to facilitate polymer chain
realignment and to achieve the desired mechanical properties. After the polymer is cooled to room
temperature, it is cut into 20-25 mm segments for testing.

Cut-lines

Figure 3.10: Schematic of cross-section of the extruded Nafion tubes (not to scale): illustration (left),
and a photograph of experimental sample (right)

The extruded Nafion samples are activated by a hydrolysis reaction using a potassium hydroxide
solution. After hydrolysis, the samples are cleaned and prepared for primary plating. The Nafion
samples are plated using a Platinum impregnation-reduction reaction. Primary plating is repeated to
increase the surface conductivity of the sample. When the surface conductivity reaches a desired
amount, secondary plating is performed.
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Secondary plating increases the surface conductivity of the samples by depositing Platinum on the
surface of the sample via a chemical deposition. After secondary plating, the surface conductivity of the
samples is at an acceptable level for good IPMC performance. An ion exchange can now be conducted
to achieve better transport of water molecules through the membrane. Hydrogen ions within the
membrane are exchanged for lithium ions which give a better transport of water molecules through the
membrane. After the ion exchange process, the samples are cleaned and stored in DI water.
The flanges are removed with precision razor blades to make separated electrodes. Separating the
electrodes allow for multiple degree-of-freedom sensing motion when a voltage is applied. A finished
IPMC sensor is shown in Fig. 3.11.

Figure 3.11: Photograph of a tube-shaped IPMC sample

A collet is fabricated out of Nylon to clamp the IPMC tube at each electrode. The electrode contact
patches of the collet are made out of copper foil. Individual wires are soldered to each contact patch
and are glued to each of the collet fingers as seen in Fig. 3.12. The collet is hand tightened around each
sample to securely fasten it. Previous clamping systems that have been used are restricted to a set
diameter [39]. The current design allows for testing of variable diameter IPMCs [40].
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Figure 3.12: Wire soldered to copper foil (left), and copper foil attached to nylon collet for one
corner of the collet (right)
Once the IPMC is mounted inside the collet, the collet is secured to a collet mount and can be
lowered into the water to the desired level using an adjustable plastic slide. The other end of the IPMC
is clasped between two pieces of Plexiglas for the sensor setup. This end is attached to a shaker to
create the motion required to produce voltage changes in the IPMC, as shown in Fig. 3.13. An
illustration of the mechanoelectrical IPMC experimental setup is shown in Fig. 3.14.

Figure 3.13: Mounting system for cylindrical IPMC sensors (left), and sensor experimental setup
(right)

Figure 3.14: Illustration of the IPMC mechanoelectrical experimental setup
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The signal data was recorded using LabVIEW with National Instruments USB-6008. The
displacement was measured with a laser displacement sensor (optoNCDT-1401, Micro-Epsilon) and was
recorded in LabVIEW.

3.7.3 Experimental and Simulation Results
Tube-shaped IPMCs were fabricated and tested as sensor devices with sinusoidal tip displacement
inputs of half peak-to-peak amplitudes 0.5 mm and 1.5 mm at a frequency of 1 Hz. The induced voltage
amplitude increase with increasing tip displacement is quite significant and is similar to that seen when
using rectangular shaped IPMCs. The induced voltage amplitude, although low, is on similar scale to
that seen with much larger rectangular IPMC samples [41]. Direct comparison of the performance is
difficult however, due to the different sample dimensions and experimental conditions. These results
suggest tube shaped IPMCs are capable of multi degree of freedom displacement transduction;
however, further research needs to be done to better understand the polymer-electrode interaction and
improve the electrode plating process. Sample experimental traces can be seen in Fig. 3.15.

Figure 3.15: Experimental results of tube-shaped IPMC sensors for sinusoidal tip displacement input
of 0.5 mm amplitude (left), and results for tip displacement input of 1.5 mm amplitude (right).
Frequency at 1 Hz
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Finite element simulations were performed of mechanoelectric transduction for a tube-shaped
IPMC with 1 mm outer diameter, 1/3 mm inner diameter, and 20 mm length. The electrodes were set to
be 0.01 mm thick. Simulations were performed using COMSOL following the steps outlined in section
3.7.1. Modeling parameters are provided in Table 3.5. Diffusion coefficient and molar volume change
were adjusted to best fit the experimental results.

Table 3.5: Parameters used during tube-shaped IPMC simulations.
Material property

Value

Diffusion coefficient,
D

1e-11 m2/s

Faraday’s constant, F

96485 s∙A/mol

Charge number, z

1

Molar volume
change, VC [ref. 21]

1e-5 m3/mol

Gas constant, R

8.31 J/mol∙K

Absolute
temperature, T
Effective dielectric
permittivity, ε
Initial ionic
concentration, C0

293 K
0.1 F/m
1100 mol/m3

Comparison of experimental and simulation results for sinusoidal tip displacement inputs of 0.5 mm
and 1.5 mm amplitude at 1 Hz are shown in Fig. 3.16. These are seen to be in good agreement in terms
of both phase and amplitude, indicating the given IPMC sensor model and selected parameters match
the experimental results for the fabricated tube-shaped IPMCs for cases of simple input motion.
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Figure 3.16: Simulation compared to experimental results of tube-shaped IPMC sensors for
sinusoidal tip displacement input of 0.5 mm amplitude (left), and for tip displacement input of 1.5
mm amplitude (right). Frequency of 1 Hz

Cation and anion concentration variation, electric potential, and charge density within the polymer
were simulated for sinusoidal tip displacement inputs. Results taken from a time at max displacement
during sinusoidal input are presented as surface plots showing these distributions at the fixed end of the
IPMC. A line path was also taken across this surface in the bending direction to better display cation and
anion concentration changes. These are shown in Fig. 3.17 and 3.18.

Figure 3.17: Cation concentration near fixed end at max bending input (left), and anion
concentration near fixed end at max bending input (right). Input is tip displacement at 1.5 mm
amplitude, 1 Hz
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Figure 3.18: Ion concentrations across vertical center line of tube-shaped IPMC

As one would expect, the cation concentration rise in the subsurface layer near the IPMC boundary
is small in comparison to actuator simulations, which show increase of concentration as large as 1000
mol/m3 in this same small subsurface area. This is likely due the high electrode charge driving the strong
migration of cations in the case of actuation. Whereas for sensing, the induced electric potential is only
due to rearrangement of ions from deformation, which results in small values for both concentration
change and electric potentials as opposed to the case of actuation.
Cation and anion concentration variation, electric potential, and charge density within the polymer
were simulated for electromechanical and mechanoelectrical transduction of rectangular and tubeshaped IPMCs. The cation concentration rise in the narrow subsurface region near the polymerelectrode interface has been simulated for the different cases. Simulated values from the same location
per IPMC for each case are displayed in Fig. 3.19.
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Figure 3.19. Simulated cation concentration rise near the polymer electrode interface at max
displacement for the given IPMC transduction cases

The cation concentration rise in the subsurface layer near the IPMC boundary is small in
mechanoelectrical transduction simulations as compared to electromechanical simulations, which show
increase of concentration on the order of 100 mol/m3 in this same narrow subsurface region. This can be
attributed to the high electrode charge driving the strong migration of cations in the case of
electromechanical transduction. Whereas for mechanoelectrical transduction, the induced electric
potential is only due to rearrangement of ions during deformation, which results in small values for both
concentration change and electric potentials.
Experimental results and simulations have been presented which provide a framework for further
developing tube-shaped IPMC sensors and other 3D IPMC models. These results show that 3D
transduction of the fabricated IPMC devices is feasible and the given model can provide accurate
simulations for simple input motion. Because there are no empirical relationships utilized in coupling
the solid mechanics physics to the PNP physics in the given model, this model can readily be applied to
other 3D complex shaped IPMC sensor devices.
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The signal in case of complex motion sensor simulation consists of both a position and ionic velocity
component of the deforming IPMC. As an example, a flower pedal shape has been used as the
prescribed displacement, as seen in Fig. 3.20. This type of tip displacement motion starts from the
center (zero location) and passes through the center halfway through and at the end of each cycle.
Simulations were carried out for two cycles. The resulting electrode signals are shown in Fig. 3.21. If the
signal was comprised only of the IPMC deformation at any instant of time, one would expect at times
t=2 and t=4 seconds the signals of the electrodes would all pass through 0 mV; however, this is not the
case, and hence there is a significant velocity component to the IPMC sensor signal.

Figure 3.20: Input tip displacement for complex sensor signal simulation example (left), and x-y
plane of the given tip displacement input (right). The arrow indicates direction of increasing time
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Figure 3.21: Simulated signal of the top electrode with the bottom electrode grounded for the input
tip motion shown in Fig. 3.20 over two cycles

Mathematical modelling, fabrication and experimental performance studies of tube-shaped IPMC
sensors have been presented. The results suggest IPMC transducers of this design are functional and
simulations using the provided model are in good agreement with experimental results for simple
harmonic input motion. Further work needs to be done to decouple the position and velocity
components of the sensor signal. Further work also includes revising the solid mechanics model to
include nonlinear material effects and electrode deformation. Improvements to IPMC fabrication,
electrode plating and patterning are also being sought. Finally, design of sized-down tube shaped IPMCs
are being studied to develop smaller actuator and sensor IPMC devices.
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CHAPTER 4. ELECTRODE EFFECTS OF IPMCS

In this chapter, a research paper published in Journal of Applied Physics is included. The authors, in
order of appearance on the article, are Qi Shen, Viljar Palmre, Tyler Stalbaum, and Kwang J. Kim. This
article provides a complete coupled model encompassing change in electrode material properties during
deformation and the associated influence on actuation performance. Reprinted from Journal of Applied
Physics, Shen, Q., Palmre, V., Stalbaum, T., and Kim, K. J., “A comprehensive physics-based model
encompassing variable surface resistance and underlying physics of ionic polymer-metal composite
actuators,”118(12), 124904, (2015), with the permission of AIP Publishing. The reader is referred to this
article for a more in-depth description of the variable electrode properties mathematical model.
The primary contributions to the mathematical modeling of the electrodes are from QS. The
primary contributions to physics based modeling and model coupling are from QS and TS. The
experimental work was done by VP and QS. The data analysis, simulations, conclusions, and discussion
were a combined effort from the whole research team.

4.1 Physics-Based Modeling Encompassing Variable Electrode Surface Resistance
The ionic polymer-metal composite (IPMC) is an emerging smart material in actuation and sensing
applications, such as artificial muscles, underwater actuators, and advanced medical devices. However,
the effect of the surface electrode properties change on the actuating of IPMC have not been well
studied. To address this problem, attempts can be made to theoretically predict and experimentally
investigate the dynamic electro-mechanical response of the IPMC thin-strip actuator. A model of the
IPMC actuator is proposed based on the Poisson-Nernst-Plank equations for ion transport and charge
dynamics in the polymer membrane, while a physical model for the change of surface resistance of the
electrodes of the IPMC due to deformation is also incorporated. By incorporating these two models, a
42

complete, dynamic, physics-based model for IPMC actuators is presented. To verify the model, IPMC
samples were prepared and experiments were conducted. The results show that the theoretical model
can accurately predict the actuating performance of IPMC actuators over a range of dynamic conditions.
Additionally, the charge dynamics inside the polymer during the oscillation of the IPMC are presented.
It is also shown that the charge at the boundary mainly affects the induced stress of the IPMC. The
current study is beneficial for the comprehensive understanding of the surface electrode effect on the
performance of IPMC actuators.
Scanning electron microscopy (SEM) was used to study the structure of the IPMC sample. Figure 4.1
shows the cross-sectional image of the IPMC, which indicates the platinum content distribution in the
electrode and vicinity. Based on the image, the IPMC was composed of the electrode and the polymer
membrane. In the surface resistance model above, the electrodes are considered a bulk metal.
However, in reality from the SEM images it can be seen that the structure is more complicated. The
thickness of the electrode could vary significantly. The thin electrolessly plated electrodes on a polymer
do not result in a uniform conductivity in each direction at each location, so the defective factor helps to
take those effects into account. The parameters of the electrode were measured based on the SEM
images.

Pt layer
Ionic polymer

Figure 4.1: Cross-section SEM images of the IPMC. Reprinted from Journal of Applied Physics, Shen,
Q., Palmre, V., Stalbaum, T., and Kim, K. J., “A comprehensive physics-based model encompassing
variable surface resistance and underlying physics of ionic polymer-metal composite
actuators,”118(12), 124904, (2015), with the permission of AIP Publishing
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The governing physics in the polymer membrane are similar to those provided in Chapter 3. The
modified Nernst-Planck equation with actuation assumption simplifications as described in Chapter 3,
which describes the cation migration and diffusion in the polymer element backbone, and the Poisson’s
equation, which describes the concentrating of local charges at the boundary between the polymer and
surface electrodes resulting in an electric field increase in the opposite direction, are expressed as [14,
37]

C
     DC  z  FC   0
t

(4.1)


ˆ

(4.2)

  E   2 

  F  C  C0 

(4.3)

A model was developed for resistance change based on strain of an IPMC [37]. This model has been
incorporated into the modeling framework and results are presented within this chapter. For the
comparison of the strain, the widths of the samples were the same. Some parameters of the actuation
model were based on previous results of the surface resistance. Some are physical constants. Table 4.1
shows the value of the IPMC actuator model constants [20]. The absolute temperature is T = 297 K. The
rest need to be identified. In current study, the voltage amplitude applied on the IPMC was constant.
By applying varies frequencies to the IPMC, varies deformation as well as strains can be obtained. The
deformations of the IPMC actuators were measured. Based on the experimental results of IPMC 1
through the least-square method in MATLAB, the parameters of the model were identified as Y =
90.92×106 Pa and α = 104 J/C. The Young’s module of IPMC varies from 41×106 Pa to 571×106 Pa based
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on previous work [20, 42]. The coupling constant α varies from 30 J/C to 148 J/C based on previous
work [14]. Thus the value in current paper is reasonable. The parameters were plugged into the
actuation model (except geometric dimensions) for predicting the actuating performance of IPMC 2 and
IPMC 3. Model with and without surface resistance change were compared. For the model without
consideration of the surface resistance change, the surface resistance R in is a constant value and was
identified as R = 1.8 Ω through the non-linear fitting process. The surface resistance per {unit length ·
unit width} of the IPMC is 7.44 Ω. Previous work reported the surface resistance per {unit length · unit
width} as 22.3 Ω [42]. The reasons for the difference are the different electrode plating times and
different reduction temperatures during the fabrication process of IPMC. The rest of the parameters are
the same as previous simulations.
In the current study, the deformation of the IPMC is converted to the strain for intuitive comparison.
Figure 4.2 shows the resistance change of the IPMC electrode versus different strains. The simulation
results were compared with the experimental results. It can be seen that the model can well describe
the resistance change of the IPMC electrode. It is also noticed that with the strain increasing, the
resistance change of the electrode increased.
The actuation model was verified in experiments by applying sinusoidal actuation signals to the
IPMC samples and measuring the deformations. Figure 4.3 shows the comparison of experimental
results with theoretical model simulation results with and without consideration of surface resistance
change. It is clear that the model considering the effect of surface resistance change shows better
agreement than the one ignoring the resistance. This indicates that the model incorporating the surface
resistance change is more effective in capturing the actuation dynamics of IPMC. Based on Fig. 4.3, it
can be found that for all samples, good agreement between the model prediction and the experimental
data is achieved. These figures show that current actuation model can well predict the actuating of
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IPMCs. It is also noticed that with the voltage amplitude increasing, the strain of the IPMC increased. As
the actuating frequency rose, the strain of the IPMC reduced.

Table 4.1: Value of IPMC actuator model constants for electrode effects modeling.
Item

Value

D

7×10-10 m2/s

C0

1091 mol/m3



0.2×10-3 F/m

μ

2.9×10-15 mol·s/kg

z

1

F

96487 C/mol

R

8.3143 J/mol·K

Resistance Change (%)

2
1.5
1
0.5
0

6

Simulation results
Experimental results
8
10
-4
Strain
x 10

Figure 4.2: Comparison between the simulation results and experimental results of the electrode
resistance change. Reprinted from Journal of Applied Physics, Shen, Q., Palmre, V., Stalbaum, T., and
Kim, K. J., “A comprehensive physics-based model encompassing variable surface resistance and
underlying physics of ionic polymer-metal composite actuators,”118(12), 124904, (2015), with the
permission of AIP Publishing
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Figure 4.3: Comparison of experimental results of IPMC strain with model predictions, with and
without consideration of surface resistance change. Reprinted from Journal of Applied Physics, Shen,
Q., Palmre, V., Stalbaum, T., and Kim, K. J., “A comprehensive physics-based model encompassing
variable surface resistance and underlying physics of ionic polymer-metal composite
actuators,”118(12), 124904, (2015), with the permission of AIP Publishing (Figure courtesy of Q.
Shen)

4.2 Modeling and Discussion
A physics-based model was used to simulate ion concentration, polymer electric potential, charge
density and displacement response to a low voltage input signal to obtain further insight into the
underlying physics. A 2-dimensional finite element simulation was performed using COMSOL
Multiphysics 4.3b software. Two mesh types were used in simulation: (1) a sparsely mapped mesh along
the length with a very large element aspect ratio; (2) a triangular mesh with fine distribution near
electrodes and maximum aspect ratio of 1.3:1, as shown in Fig. 4.4. The sparsely mapped mesh was
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utilized because the changes in the length direction were assumed to be negligible. The sparsely
mapped mesh has 55,044 elements, whereas the triangulated mesh has 145,952 elements. Both
meshes were refined to within 1% solution change. Additionally, the sparse mesh produced the same
solutions as the triangulated mesh and was thus chosen for use in simulations.

(a)

(b)

Figure 4.4: Meshes used in finite element simulations: (a) mesh sparsely mapped along length; (b)
triangulated mesh
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The simulation utilizes the transport of diluted species, general form partial differential equation
(PDE), electric currents, and solid mechanics physics modules in COMSOL to achieve the desired
governing set of PDEs. The transport of diluted species and general form PDE physics provide the
Poisson-Nernst-Planck (PNP) set of coupled PDEs, which are used to describe cation concentration and
electric potential within the polymer. A linear elastic material model with infinitesimal strain theory was
implemented for the solid mechanics physics. The simulation is divided into two studies: first the
electric currents and PNP physics are applied simultaneously to find ion concentration and charge
density in the IPMC for a given sinusoidal voltage input, and then the solid mechanics study is
performed. The voltage is applied over a fixed region of 10 mm in length to the electrodes, similar to
the experimental setup. The solids model is done with one end of the IPMC fixed. A body load which is
assumed proportional to the charge density is applied across the free length of the IPMC strip.
During electromechanical actuation of an IPMC by supplied voltage input to its electrodes, the main
contribution to the deformation is assumed to be the cation migration and corresponding swelling
effects. In current model, the IPMC is in fully hydrated condition. The contribution from the
concentration gradient and electric potential are much larger than the contribution of the pressure
gradient, thus this term has been omitted and the Nernst-Planck equation is expressed in Eq. (4.1).
Poisson’s equation as used in the model is expressed in Eq. (4.2). The anions of the IPMC are fixed to
the polymer backbone making the anion concentration variable with deformation only, while the cations
are free to migrate based on the electric potential. Thus in actuation of the IPMC by input voltage, the
change of anion concentration is very small in comparison with the change in cation concentration and
the charge density is assumed to be a function of cation concentration only as expressed in Eq. (4.3). A
body force in the bending direction, which is assumed to be proportional to the charge density as
Fy = αρ, is the input into the solid mechanics model. The solids mechanics describe the stress, strain,
and local displacement. The governing solid mechanics equation used is:
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where ρm is material density and ρm = 874 kg/m3, u = {u, v} is the local displacement vector in x and y
directions respectively, and F is the body force vector. Notation σm is the material stress tensor written
in terms of local displacement using Hooke’s Law as
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where ν is the Poisson’s ratio and ν = 0.49. As the material is assumed to deform primarily in the
bending plane, a plane strain deformation assumption was utilized, hence strains in the x-z, y-z, and z-z
planes are assumed to be zero. The model first utilizes Eqs. (4.1), (4.2), and (4.3) to solve for the charge
density, ρ. Then, Eqs. (4.4) and (4.5) are solved for the deformation. The constant parameters used for
COMSOL simulations are shown in Table 4.3.
Since an experimental method of measuring the cation migration and charge density within the
polymer is not readily available, the COSMOL simulation results were used primarily to gain insight into
these phenomena. The simulation of the IPMC actuating was performed under an input voltage with
amplitude of 2 V and frequency of 1 Hz. Figure 4.5 illustrates the IPMC oscillation time-series during
steady-state response. Within one oscillation cycle, the stress on the IPMC strip varied along the length.
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The stress on the IPMC increased as the IPMC curved. At the maximum tip displacement, the stress
reached its maximum. Figure 4.6 shows the simulation result of the IPMC tip displacement. As can be
seen in the graph, after several cycles of oscillation, the quasi-steady state of the IPMC tip movement
appeared to be reached. The amplitude of the oscillation is 2.1 × 10-3 m. The tip displacement result
also shows a good agreement with the experimental result.
Figure 4.7 show the cation concentration in the polymer near the top and bottom electrode
separately. The location (x, y, z) of the measured points are (h - 1×106 m, W/2, L/2) and (-h + 1×106 m,
W/2, L/2). A sinusoid variation of the cation concentration was observed during the deformation of the
IPMC actuator within a range between 1.44 × 103 mol/m3 and 0.82 × 103 mol/m3 for both points. As
shown in Fig. 4.7, the cation concentration reached its quasi-steady state after several cycles of
oscillation. It was also noticed that the cation concentration near the top and bottom electrode show
an opposite variation, as was expected. The initial transient phase of actuation response can be verified
experimentally. This can be thought of as the result of the initial cation distribution at the beginning of
the first oscillation cycle (at t = 0 seconds) being different than at the beginning of following cycles, until
the cation distribution at the start of each cycle is nearly constant.
Figure 4.8 shows the cation concentration time series along the thickness direction in accordance
with Fig. 4.5. The location of the measured line was y = W/2 and z = L/2. It can be found that in one
cycle, the cation concentration near the upper and bottom electrode changed significantly, and
remained the same in the central area. The simulation results indicated that the charge density at the
boundary has a main effect on the stress of the IPMC. However, the relationship between the charge
density and induced stress cannot be verified based on current simulation and experimental results.
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Figure 4.5: IPMC strip displacement for one cycle during steady-state response for a sinusoidal
voltage input of 4 V peak-to-peak amplitude and 1 Hz frequency using the variable electrode
properties model
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Figure 4.6: Simulation result of the IPMC tip displacement using the variable electrode properties
model
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Figure 4.7: Simulation result of the IPMC cation concentration using the variable electrode
properties model: near top electrode (a), and near bottom electrode (b)
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Figure 4.8: Simulation results of cation concentration along the thickness of IPMC using the variable
electrode properties model

In this chapter, a physical based model of IPMC was developed. The model is based on the charge
dynamics model of the polymer membrane and a microstructure model of the electrode. Experiments
were conducted to verify the model. Theoretical results and experimental results were compared and
showed a good agreement. The results show that the model that considers the surface resistance
change is more accurate in predicting the actuating response of IPMC than the model without
considering the surface resistance change. Finite element approach was implemented to study the
charge dynamics inside the polymer. It was found that the charge at the boundary of the IPMC has a
major effect on the performance of IPMC actuators.
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In the future, focus will be on the application of the theoretical model approach to the control of
biomimetic robots and manipulations such as medical devices. Meanwhile, the IPMCs in the current
study are based on the electroless processing method. New electrode plating method will be used to
fabricate the new IPMCs, such as electroplating method, hot pressing method. The theoretical model
will be verified with the new IPMCs. New IPMCs will also be fabricated with different Pt loading in the
electrode layers and other metals as electrode, and new models will be developed for the new IPMCs by
the same method.
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CHAPTER 5. ELECTRODELESS EAP ACTUATORS

In this chapter, a research paper accepted for publication in Marine Technology Society (MTS)
Journal is included. This section provides an overview of the mechanisms of actuation of Nafion fibers in
electrolyte. The overall physics are still governed by the Nernst-Planck and Poisson’s equations, as in
Chapter 3. However, in case of electrodeless electroactive polymer (EAP) actuators, the physics involve
charge dynamics in the electrolyte as opposed to electric currents in the electrodes. Experimental and
simulation results are compared in good agreement for the case of an individual electrodeless
electroactive polymer. The authors, in order of appearance on the article, are Kwang J. Kim, Viljar
Palmre, Tyler Stalbaum, Taeseon Hwang, Qi Shen, and Sarah Trabia.
Overall project was led by KJK. Primary contributions to fabrication and development are VP and
TH. The primary contributions to the physics based modeling was TS. The experimental work was
mostly done by VP and TH. The data analysis, simulations, conclusions, and discussion were a combined
effort from the whole research team.

5.1 Promising Developments in Marine Applications with Artificial Muscles: Electrodeless Artificial-Cilia
Microfibers
Ionic polymer-metal composite (IPMC) artificial muscles have received great research attention in
the development of robotic manipulators, advanced medical devices, and underwater propulsors, such
as artificial fish fins. This is due to their unique properties of large deformation, fast dynamic response,
low power requirements, and the ability to operate in aquatic environments. Recently, locomotion of
biological cells and microorganisms through unique motion of cilium (flagellum) has received great
interest in the field of biomimetic robotics. It is envisioned that artificial cilia can be an effective
strategy for maneuvering and sensing in small-scale bio-inspired robotic systems. However, current
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actuators used for driving the robots are typically rigid, bulky in mechanism and electronics
requirements producing some acoustic signatures, and difficult to miniaturize. Herein, the authors
report biomimetic, wirelessly driven, electroactive polymer (EAP) microfibers that actuate in an aqueous
medium when subjected to an external electric field of < 5 V/mm, which can be realized to create ciliabased robotic systems for aquatic applications. Initial development and manufacturing of these systems
is presented in this paper. The EAP fibers are fabricated from ionic polymer precursor resin through
melt-drawing process and have a circular cross-section with a diameter of 30–70 µm. When properly
activated and subjected to an electric field with switching polarity, the EAP fibers exhibit cyclic actuation
with adequate response time (0.05–5 Hz). The experimental results are presented and discussed to
demonstrate the performance and feasibility of biomimetic cilia-based micro-actuators. Prospective
bio-inspired applications of the artificial muscle cilia-based system in marine operations are also
discussed.
Many aquatic lifeforms are equipped with natural tools for high-maneuverability, environmental
sensing, and capturing or escaping from target or prey, respectively. These characteristics improve
survival and well-being in often harsh or predatory-rich environments. The employed mechanisms are
commonly unique to a select few natural creatures, which attributes to the survival of very different
species in the same environments. Researchers have long aspired to mimic these natural traits by
designing robotic mechanisms and advanced materials to create new technologies in marine operations
[25, 43-48]. Examples of these developments include robotic devices such as artificial muscles, fish-finlike underwater propulsors, full bioinspired underwater vehicle designs, and even intricately structured,
soft, artificial-skin substrates [7, 43, 49-65].
One such natural system that has been investigated for prospective biomimetic marine applications
is cilia and flagella of mammalian cells for micro-flow control and micro-locomotion mechanisms [50, 66,
67]. Cilia and flagella are micro-tubular protrusions from the surface of many eukaryotic cells and are of
57

two main types: motile, those capable of moving independently, and non-motile cilia [68, 69]. They are
found in cells in nature and play a critical role in health and well-being, often functioning as mechanisms
to move cells or objects through a flow channel, such as in the case of human windpipe, brain ventricles,
and Fallopian tubes, as examples [70], in case of motile cilia. Non-motile cilia, found in many cells in
nature, typically operate as a sensory system. However, motile cilia and non-motile cilia are structurally
similar and both can function as signaling devices [68, 69]. As sensory organelles, these transfer
information of extracellular signals to control several cellular processes [68]. Thus, sensory information
from cilia is thought to be coupled to motile cilia for feedback environmental sensing and control [68,
69]. These characteristics have made cilia organelles a promising candidate for bioinspired device
development in microfluidics and marine operations. The prospective applications of a simple, surfacemountable micro-artificial-cilia environmental sensory and control system range from near-surface flow
control of underwater vehicles to advanced medical operations in drug delivery systems.
This paper exploits the unique properties of an in-lab designed artificial muscle (AM) microtransducer to develop a working cilia-based micro-actuator array for marine applications. An AM is a
multifunctional, smart polymer whose electromechanical properties can be controlled, resulting in
reproducible actuation and sensing capabilities [71-73]. Like biological muscles, the AM technology
exhibits large motion, good force, fast response, good efficiency, long cycle life, and silent operation.
Recent research on the locomotion of biological cells and microorganisms has identified the importance
of cilium (flagellum) and its unique motion for propulsion and maneuvering [68, 69]. However, recent
man-made attempts at mimicking the motion of cilium using traditional actuators have yielded limited
success and often the designs are bulky [92, 66, 67]. On the contrary, the AM technology is an excellent
candidate for realizing the complex oscillatory motion of cilium for the development of efficient and
highly maneuverable underwater actuator and sensor systems for marine applications.
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The current state-of-the-art AM technology is limited to creating thin strips or cantilever-style
actuators due primarily to difficulties associated with material processing. Recent advances in AM
materials processing work and research have resulted in AMs which can produce forces on the order of
tens of gram-force for a standard sample of 1-cm wide by 5-cm long by 1-mm thick. However, the
manufacturing of slender rod-like AMs with sectored electrodes has been challenging [74]. Additionally,
these devices require two or more separated electrodes per sample to actuate. Herein, the authors
report a new electrodeless electroactive polymer (EAP) micro-actuator that actuates wirelessly by low
external electric field and is capable of AM maneuverability. It is an ionic type EAP actuator with no
built-in surface electrode layers. The new electrodeless EAP actuator consists of only one single
perfluorinated EAP material. Due to its simple structure, the electrodeless EAP actuators are simple to
fabricate into variety of shapes and can be easily miniaturized to micro-scale, which is needed for the
development of small bio-inspired robotic systems such as artificial cilia or flagella. Preliminary studies
have successfully demonstrated fabrication of AM with different geometries, including rod-shaped AMs
which can undergo bending actuation and sensing in multiple directions, and micro-actuator fibers that
have been expanded into prototype AM cilia arrays (1x20).

5.1.1 Artificial Muscle Fibers
Ionic polymer-metal composite (IPMC) transducers, made from an ionomer-based EAP, which have
been used successfully as 3D micro-sensors in previous works [32, 75], are a strong motivation for this
study for development into the cilia-like artificial muscle micro-actuator array due to their unique and
well-suited properties. These devices exhibit fast dynamic response, high spatial resolution, low
electronics and mechanisms requirements, and are best suited for operation in aqueous environments
[22, 37]. Additionally, they are silent in operation, are low in power consumption, and can be designed
to operate in different fluid environments [76]. Furthermore, they can operate as actuators or sensors
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[12, 77], and have been designed into self-sensing actuators [78-80]. These characteristics make this
type of AM a good material candidate for this research with a strong existing technical groundwork.
However, IPMC electrode plating is a cumbersome process, and these devices require separated
electrodes per sample to actuate.
Conventionally, IPMC material consists of an ionic polymer membrane, typically Nafion material,
chemically plated on both surfaces with conductive metal layers, typically of Pt or Au, that serve as
conductive electrodes. To enable an electroactive capability, the ionomer membrane is solvated with an
electrolyte, typically Li+ or Na+ ions in water solution. When a DC voltage (< 5 V) is applied to the
electrodes, the hydrated cations migrate toward the negatively charged electrode, leading to internal
pressure change, which in turn, causes a bending of the IPMC toward the positive electrode. The
electromechanical performance of an IPMC is highly dependent on the electrical conductivity, flexibility
and surface morphology of the electrodes [36, 37, 81]. The electrode structure determines the
adsorption of electrolyte ions at the electrode interface (accumulated charge) that is directly
proportional to the electromechanical deformation of the material. As such, the electrodes have many
critical design requirements that pose several engineering challenges in terms of performance,
manufacturing and scalability. Also, due to the presence of electric potential and liquid electrolytes, the
choice of suitable electrode materials is restricted to electrochemically stable (inert) materials.
Therefore, noble metals (such as Pt or Au), carbon nanotubes, carbide-derived carbons, and other
carbon derivatives are used for electrodes.
Herein, the authors report a new artificial muscle for biomimetic applications, an electrodeless EAP
micro-actuator that actuates wirelessly by low external electric field (< 5 V/mm). It is an ionic type EAP
actuator similar to the IPMC but with no built-in surface electrode layers. Hence, it is simply called an
EAP actuator. As opposed to traditional tri-layer IPMC actuators with surface electrodes that comprise
different materials and require complex manufacturing processes, the new electrodeless EAP actuator
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consists of only one single perfluorinated electroactive polymer material. Due to its simple structure,
the electrodeless EAP actuators are simple to fabricate into variety of shapes and can be easily
miniaturized to micro-scale, which is needed for the development of small bio-inspired robotic systems
such as artificial cilia (or flagellum). It is envisaged that artificial cilia can be an effective strategy for
locomotion and maneuvering of next-generation miniature underwater robotic and microfluidic systems
[82, 83]. However, the existing smart actuator technologies face challenges in downscaling to microscale due to their complex structure and manufacturing process and electrical conductivity issues
related to miniaturizing the surface electrodes. For instance, down-scaling a tri-layered polymeric
composite actuator requires much thinner and more flexible electrodes than in case of metallic Pt or Au
electrodes and can become problematic due to loss in mechanical robustness, which is required to
maintain electrical conductivity and durability.
To demonstrate the feasibility of the new electrodeless EAP fiber micro-actuators for small-scale
bio-inspired robotic applications, an artificial muscle (AM) cilia fiber array system is developed. The
electrodeless fiber EAP micro-actuators are fabricated from a perfluorinated precursor resin of Nafion
through melt-drawing process. By careful control of the drawing conditions, cylindrical fibers with a
diameter size down to 30 microns are successfully produced. These microfibers, when converted to
electroactive form by a simple chemical treatment and subjected to an aqueous medium, display
controllable electromechanical actuation in response to low external electric field (<5 V/mm). The
prototype cilia array is capable of different aquatic motions such as flapping, bending and oscillation
when driven wirelessly by different external electric fields.
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5.1.2 Fabrication of Cilium-Inspired, Electroactive Fibers
The electroactive ionomer fibers were fabricated from Nafion precursor resin through a meltdrawing process (Fig. 5.1). First, the inactive perfluorinated precursor resin in the sulfonyl fluoride (SO2F) form was placed in a custom-made extruder die and preheated. As a perfluorinated precursor
resin, Nafion polymer does not have the ion-exchange capability and is thermoplastic and can be easily
melt-processed into variety of shapes. The custom extruder die assembly (shown in Fig. 5.1, top-center)
was preheated to 240 °C and slightly pressurized initially to generate polymer flow through the die.
Then, the exiting polymer thread was drawn with uniform speed and collected around a rotating glass
drum. Compared to conventional fiber extrusion, the drawing process significantly reduces the
diameter size of the fiber as it exits from a die and induces the molecular orientation of polymer chains,
increasing the degree of crystallinity and tensile strength of the fiber. Fibers with different dimensions
were created by varying the drawing speed and collector drum distance from the die.
The obtained cylindrical Nafion fibers had to be activated by a chemical treatment to enable the
cation-exchange capability. Table 5.1 describes the activation process by which the Nafion precursor
was converted to ‘active’ sulfonic acid (-SO3H) form. The first step was the hydrolysis process in hot
aqueous potassium hydroxide (KOH) and dimethyl sulfoxide (DMSO) for 1 h to convert the (-SO2F)
functional groups into sulfonate groups (-SO3K). Next, the polymer was converted to sulfonic acid (SO3H) form by treatment in a bath of H2SO4 solution. Finally, the polymer fibers were cleaned in
deionized (DI) water to remove the acid residues.
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Figure 5.1: Fabrication of cylindrical electroactive ionomer fibers by melt-drawing process

Table 5.1: Activation process of ionomer cilia fibers
Procedure
step

Description

Amount

Temperature

Time

1

Soak in KOH (15%),
DMSO (30%)

350 mL

95 °C

1h

2

Soak in H2SO4

350 mL

75 °C

3h

3

Soak in DI water

350 mL

75 °C

45 min

4

Soak in new DI water

350 mL

75 °C

45 min
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5.1.3 Experimental Methods
A cylindrical Nafion fiber fabricated by melt-drawing process was suspended in 0.1 M LiCl aq.
solution between two parallel graphite electrode plates (Fig. 5.2). The distance between the electrodes
was 10 mm and the effective length of the fiber was 42 mm. The bottom end of the fiber reached
slightly lower than the electrodes to allow access to the laser beam for displacement measurement. A
small piece of tape was attached to the fiber tip, serving as a target for a laser beam. A laser
displacement sensor with National Instruments/LabView DAQ system was used for measuring the fiber
tip displacement under AC square-wave input of 5 V at frequencies from 0.1 to 1 Hz.

Figure 5.2: Experimental setup used for measuring the displacement of electroactive ionomer fiber
under external electric field
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5.1.4 Results and Physics-Based Modeling
Figure 5.3 shows the fabricated EAP microfibers in different diameter sizes – 32 µm and 55 µm
produced by melt-drawing process using a 175-µm and 210-µm diameter die, respectively. The
fabricated ionomer fibers have a smooth surface morphology and circular cross-section. The thickness
of the melt-drawn fibers is highly dependent on the die size and drawing speed. To down-scale the
diameter size of the EAP fibers, the die size was significantly reduced. Table 5.2 shows the size range of
the fibers produced with different dies. With the smallest 175-µm die, EAP fibers in diameter of 25–45
µm were successfully created.

Figure 5.3: Digital optical microscope images of the fabricated EAP microfibers in different sizes

Table 5.2: Die sizes used for down-scaling the size of cylindrical EAP fibers.
Die diameter size (µm)

Fiber diameter range (µm)

610

200–300

310

70–100

210

30–55

175

25–45
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To demonstrate electromechanical actuation of the new actuators, an individual EAP fiber in
cantilever configuration with a free-length of 42 mm was suspended between two graphite electrode
plates with a distance of 10 mm and immersed in 0.1 M LiCl aqueous electrolyte solution (Fig. 5.2). The
electric field was applied to the (external) graphite plates to wirelessly actuate the fiber. Figure 5.4
shows the measured voltage and displacement responses in time for the EAP fiber micro-actuator under
an external field of 5 V AC square-wave at 0.1 Hz and 1 Hz. It can be seen that the fiber exhibits
repeatable cyclic actuation performance with adequate response. Unlike IPMC actuator that bends
toward the positive electrode (anode), the EAP fiber deflects toward the negative electrode (cathode).
This can be explained by the fact that Nafion is a cation-exchange polymer that can only pass or conduct
cations but is non-transparent to anions. Since the Nafion membrane (fiber) does not have a charged
electrode boundary at the surface as in case of IPMC with surface electrodes, the cations (Li+) of the
electrolyte migrate through the ionic polymer under the imposed electric field. This results in a cationic
current in the polymer that draws the fiber along toward the negative (external) graphite electrode. At
the same time, the anionic current of Cl- -ions toward the opposite electrode (anode) has no effect on
the fiber as the anions are unable to freely move. Furthermore, the voltage-dependent displacement
curves are different than conventional IPMC actuators, as can be observed in the voltage-displacement
curve in Fig. 5.5, displaying large hysteresis.
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Figure 5.4: Applied voltage and measured displacement response of a cylindrical EAP fiber microactuator at 5 V AC square-wave at 0.1 Hz (left) and 1 Hz (right) operating frequencies in 0.1 M LiCl aq.
solution at 10 mm electrode spacing

Figure 5.5: Displacement response versus applied voltage for a cylindrical EAP fiber micro-actuator at 5 V
AC square-wave at 0.1 Hz operating frequency in 0.1 M LiCl aq. solution at 10 mm electrode spacing
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The same experiment was also conducted in ultrapure de-ionized water (resistivity 18.2 MΩ ∙ cm).
In this case the actuation would only rely on Li+ ions inside the ionomer fiber that balance the fixed
anionic functional groups (-SO3–), which are present due to previous exposure to LiCl electrolyte.
However, even at much higher electric fields (> 10 V/mm) the fiber exhibited minimal actuation and the
response was hesitant. Conducting the experiment in an electrolyte solution (NaCl or LiCl, >=0.1 M)
reduced significantly the required potential and produced much larger/stronger displacement response.
Thus, the actuation of EAP fiber is driven by the transport of cations (or cationic current) through the
ionomer fiber, as illustrated in Fig. 5.6(a). Figure 5.6(b) shows the actuation schematic of a conventional
IPMC for comparison. In application perspective, actuating the fibers in electrolyte salt solutions would
be very convenient as the EAP fibers are intended for use in underwater applications where typical
salinity of seawater is ~0.5-0.6 M (NaCl). Therefore, the prepared EAP fibers would be further
investigated in marine environment (NaCl solution) in the future.

Figure 5.6: Illustration of actuation mechanism of an electrodeless EAP fiber in electrolyte solution
under an imposed electric field (a), with a schematic of the actuation mechanisms of a traditional IPMC
for contrast (b)
68

Preliminary 2D finite element physics-based modeling in COMSOL® Multiphysics 5.2 of a Nafion EAP
fiber immersed in a 0.1 M LiCl solution was performed based on the physics discussed above. The
results show good agreement for fiber tip-displacement using governing physics as shown in Fig. 6(b) as
a simplified illustration, using the Poisson-Nernst-Planck equations for diffusion and charge density
within the polymer membrane and primary current distribution physics for the electrolyte solution. The
primary difference to modeling of conventional IPMC actuators is in the additional electrolyte physics,
utilizing the primary current distribution physics module. Additionally, there are no electrodes or
electric current physics at the Nafion fiber surface. The electrodes are instead 100 mm2 surface area
electrodes separated by 10 mm to correspond with experimental data of Fig. 5.4. Utilizing the NernstPlanck and Poisson’s equations as described in Eqn. (4.6) and (4.7).
Primary current distribution physics are used in the electrolyte domain. With the equation for
electrolyte potential given as:

𝑄

−∆𝜙𝑙 = 𝜎

(5.1)

where ϕl is the electrolyte potential, Q is the electrolyte charge, and σ is the electrolyte conductivity.
A Dirichlet boundary condition is applied at the electrolyte – polymer interface. Table 5.3 provides the
parameter values used in simulations.
Similar to conventional IPMC actuator modeling, a linear elastic material model with Newton’s
second law is utilized to solve deformation in the polymer fiber. With Newton’s Second Law given as in
Eqn. (4.22), where the component of the body force vector across the bending direction of the Nafion
fiber is assumed to be proportional to the charge density within the polymer, that is:
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𝐹𝑥 = 𝛼𝜌

(5.2)

where α is the force-coupling coefficient, which is experimentally calibrated.

Table 5.3: Parameter values used in simulations of EAP fibers.
Parameter

Value

D

7e-11 m2/s

F

96485.3415 s∙A/mol

R

8.31 J/(mol∙K)

T

293 K

Ca

1,200 mol/m3

ε

2 mF/m

σ

3 mS/cm

ρp

2000 kg/m3

α

1.5e-7 V/m

Simulation results for a 200 μm diameter, 40 mm long, EAP fiber submerged in LiCl electrolyte
exposed to a 5 V, 1Hz AC square wave, with 100x100 mm surface area electrodes spaced 10 mm apart,
are shown in Fig. 5.7. A comparison to experimental results is included for the same operating
conditions. These results show good agreement with experimental data, indicating the model
adequately captures the underlying actuation physics. Mesh refinement was performed up to 250,832
domain elements showing less than 2% solution change. A close-up of the final utilized mesh at the
free-end of the EAP fiber is shown in Fig. 5.7.
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Figure 5.7: Finite element simulations of an EAP fiber in electrolyte solution as actuated by a 5V, 1Hz
square wave applied to electrodes spaced 10 mm apart with comparison to experimental results (left),
and a close-up of the mesh used for simulations on the free-end of the fiber (right)

5.1.5 Development of a Prototype Biomimetic Cilia Array
The fabricated cylindrical ionomer fibers were used as artificial cilia for designing a prototype cilia
array. The biomimetic AM cilia array system was fabricated on a soft and flexible polydimethylsiloxane
(PDMS) silicone elastomer substrate. The PDMS substrate was prepared using Sylgard® 184 silicone
elastomer (Dow Corning). The PDMS pre-polymer mixed at a 10:1 weight ratio of elastomer to hardener
was cast into a mold and cured at room temperature for 48 h to obtain a flexible rubber-like substrate
layer.
For accurate placement of cilia fibers, an array of holes with diameter of 50 µm was pre-drilled into
the PDMS layer using a CNC milling machine. Figure 5.8(a, b) shows microscopy images of the drilled
holes. The melt-drawn ionomer microfibers were then planted into the PDMS substrate under a digital
microscope using 29-gauge hypodermic needle. The process of fixing cilia fibers in the substrate is
illustrated in Figure 5.8(c, d, e). First, a needle with an ionomer fiber was inserted along the pre-drilled
hole and pushed slightly through the substrate. Then, the tip of the fiber was temporarily clamped
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while pulling out the needle, leaving the ionomer fiber securely fixed in a PDMS substrate. Figure 5.8(f,
g) shows the prototype AM cilia array system consisting of 20 fibers in row with 1 mm spacing in
between. The diameter size of the fibers used in this prototype ranges from 70 to 90 µm and free length
is 8 mm. The substrate dimensions are 3.6 mm (W) x 2.4 mm (H) x 23 mm (L).
In order to actuate the AM cilia array by an external electric field, a clamp device with 6 external
electrodes was designed (Fig. 5.9). The electrode assembly was fabricated from acrylic glass and
electrodes were made from Pt foil (thickness 0.001 in). The clamp device consists of 3 sections (pairs) of
electrodes that can be used to create a wave-like oscillation of cilia when sections are driven with phase
difference. Figure 5.9(b) shows the prototype cilia fiber (1x20) array mounted between the electrodes
and immersed in electrolyte solution. The electrodes shown are spaced 3.6 mm apart.

Figure 5.8: PDMS substrate with pre-drilled 50-µm holes for placement of EAP microfibers (a, b), process
of fixing the ionomeric cilia fibers into a PDMS substrate (c, d, e), and digital optical microscope images
of fabricated prototype AM cilia array with 1 mm spacing in between artificial cilia fibers (f, g)
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Figure 5.9: Clamp device with 6 external Pt electrodes for actuating the cilia (1x20) array by external
field (a), and the artificial cilia array (1x20) mounted between electrodes and immersed in electrolyte
solution (b)

The prototype artificial cilia array was actuated by applying a 5 V AC, 0.5 Hz square wave input to
alternating electrodes in a LiCl electrolyte solution. Video was collected at 30 frames per second. Tipdisplacement measurements were collected from the video at a rate of 10 Hz. The fibers show
actuation displacements of several millimeters for the given case. Measured data and photographs
from time of maximum displacements are shown in Fig. 5.10.
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Figure 5.10: Experimental results for a microfiber array actuated by separated electrodes at 5 V AC, 0.5
Hz square wave input applied to electrodes spaced 3.6 mm apart. Still photograph from video at times
t=1.3 seconds (a), t=1.8 s (b), t=2.3 s (c), t=2.8 s (d), t=3.3 s (e), t=3.8 s (f), and measured tipdisplacement measurements of an individual fiber of the array (g)

The developed cilia-based micro-actuators are realizable and have been successfully implemented in
a prototype microfiber array for prospective applications in underwater robotics and microfluidics. The
micro-actuators can be wirelessly driven by low external electric field. They operate with low
electronics requirements and can be designed as alternating actuators and sensors in different
geometrical arrangements. Fabrication techniques as described are scalable up or down to meet
desired design criteria. Application with microfibers acting as both sensors and actuators is being
investigated for a full flow sensing and control system. This type of microarray device has many
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promising applications in microfluidics, robotics, and general marine operations. Problems such as
accurate environmental sensing, in situ boundary layer and near-surface flow measurement, and chaotic
or turbulent flow sensing and control can be addressed using this technology. This can be applied to
underwater vehicles to improve handling and maneuverability, medical operations in cell and drug
transport, and other capillary flow or microfluidic problems. Upon further development, this technology
can play a significant role in achieving more advanced underwater robotic systems. The newly
developed prototype artificial muscle array of microfibers presented above is crucial groundwork to
further developments of active materials as employed in microfluidics and marine biomimetic studies.
Future work includes building an understanding for cilium motion and utilizing finite element
modeling for design optimization. Further developments will be done in attempt to replicate similar
motion to that of natural cilium. This can be expanded into arrays of cilia with phase shifts to move
similarly to how systems of cilia move together. Natural cilia are able to produce consistent flow,
locomotion, and organism displacement control. The ability to replicate natural cilia will benefit
robotics, such as in bio-mimicry for artificial organs. Artificial cilia technologies of this type would be
ideal for certain microfluidics, flow sensing and control systems, small organism locomotion, or similar
application in biomedical devices.
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CHAPTER 6. EXAMPLE APPLICATIONS OF THE MODEL FRAMEWORK

In this chapter, several unique applications of the modeling framework are investigated, specifically
IPMC interaction with fluid flow, modeling of an all-vanadium redox flow battery system, and modeling
of anion-exchange membrane (AEM) type ionic electroactive polymer actuators. In case of modeling
interaction with fluids, IPMC sensors are of primary interest for understanding sensor response to
certain flow conditions, for future applications as underwater environmental sensing instruments. The
governing physics are of solid mechanics for deformation with Navier-Stokes for the surrounding flow.
COMSOL Mutliphysics 5.2 was utilized, allowing for application of a moving-mesh for the deformed
geometry. Simulation results are presented and discussed. For modeling the all-vanadium flow battery,
the governing physics are of Nernst equation with Butler-Volmer law for kinetics, and chemical reaction
physics for the electrodes. In case of anion-type ionic electroactive polymer devices, a simple 1-D model
has been made to compare solutions of the Nernst-Planck and Poisson’s equations for a traditional IPMC
to the anion-type actuator. These results aim to provide example further applications with the modeling
framework for ionic electroactive polymer devices.

6.1 IPMC Interaction with Fluid Flow
IPMC interaction with fluid flow is of interest to develop advanced underwater sensor and actuation
devices for naval or other maritime operations. A fluid-control system could potentially be developed
using ionic electroactive polymer devices for both flow measurement and control near the surface of an
object. In this section, finite element simulations of a rectangular IPMC in response to different flow
rates is presented and discussed.
COMSOL Multiphysics 5.2 is utilized for simulations. A fluid-structure interaction model is utilized to
find the deformation of an IPMC for a given flow field. The ion concentration physics within the polymer
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membrane are solved in the same way as in Chapter 3, simultaneously with the fluid-structure
interaction, and a simulated voltage signal is produced at the IPMC clamp. The IPMC dimensions in the
given model are width X length X height of 10mm x 50mm x 0.5mm, with a 10mm clamped region.
Parameter values used in simulations can be found in Table 3.4. The channel dimensions utilized were
1000mm x 1000mm with the IPMC located 200mm from the outlet on the left-hand wall. The inlet flow
was given as a normal inflow with flow velocities ranging from 0.1 m/s to 0.5 m/s. Figure 6.1 displays
the simulation geometry and flow streamlines for a normal inflow of 0.1 m/s. The IPMC is in the
bottom-left of the channel, at location (0, 0).

Figure 6.1: Simulated streamlines for the 0.1 m/s flow velocity condition

The free-end IPMC displacement and simulated voltage measurable at the IPMC electrodes are
tabulated for a range of inflow velocities in Table 6.1. As one would expect, the simulated electrode
values increase with increasing flow velocity. For the given IPMC dimensions and flow velocity range of
0.1 m/s to 0.5 m/s, the IPMC free-end displacement ranges from 0.4mm to 8.8mm. However, the
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output signal is quite low, ranging only from 0.01mV to 0.22mV. This is expected for IPMC sensors,
especially given the low free-end displacements involved in the low flow rate simulations (see Fig. 3.3
and Fig 3.7).

Table 6.1: Simulation results of free-end displacement and electrode signal of a rectangular IPMC fluidstructure interaction for various flow velocities for a rectangular IPMC of dimensions 10mm x50mm
x0.5mm.
Inlet flow velocity (m/s)

Simulated IPMC free-end
displacement (mm)

Simulated electrode signal
(mV)

0.1

0.4

0.01

0.2

1.4

0.035

0.3

3.2

0.08

0.45

7.2

0.18

0.5

8.8

0.22

6.2 Flow Battery Systems
Another interesting problem that operates by similar underlying physics to an ion electroactive
polymer device is simulation of flow battery systems. In the current example, simulation results of
charge dynamics in an all-vanadium redox flow battery device are presented and discussed. The
underlying physics are similar to those of Chapter 3, namely using the Nernst-Planck equations for
species transport as described in Eqn. (3.5). Additional physics to describe the chemical reactions at the
electrode-electrolyte interface are present, along with the Bulter-Volmer law for charge kinetics, and
Faraday’s law for the electrolyte current density [84]. The negative electrode reaction can be written as
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𝑉 3+ + 𝑒 − = 𝑉 2+

(6.1)

The positive electrode reaction can be written as

𝑉𝑂2+ + 𝑒 − + 2𝐻 + = 𝑉𝑂2+ + 𝐻2 𝑂

(6.2)

where ions in the negative electrolyte are H+, HSO4-, SO42-, V3+, and V2+. Ions present in the positive
electrolyte are H+, HSO4-, SO42-, VO2+, and VO2+. Conservation of charge for charge density in the
electrolyte and the electrode can be written as

∇ ∙ 𝑖̅𝑙 + ∇ ∙ 𝑖̅𝑠 = 0

(6.3)

where ̅𝑖𝑙 is the charge in the liquid electrolyte and 𝑖̅𝑠 is the charge in the solid electrode. The electric
potential in the electrode is given by Ohm’s law. With associated chemical reaction kinetics using the
Butler-Volmer law as

∇ ∙ 𝑖̅ = 𝑖0,𝑖 {𝑒𝑥𝑝 [

𝛼𝑎,𝑖 𝐹𝜂𝑖
𝑅𝑇

] − 𝑒𝑥𝑝 [−

𝛼𝑐,𝑖 𝐹𝜂𝑖
𝑅𝑇

]}

(6.4)

where 𝛼𝑎,𝑖 is the transfer coefficient of the anion, 𝛼𝑎,𝑖 is the transfer coefficient of the cation, 𝜂𝑖 is the
activation over potential, 𝐹 is Faraday’s constant, 𝑅 is the universal gas constant, and 𝑇 is the
temperature.
An all-vanadium oxidation-reduction (redox) flow battery has been developed in-lab at UNLV for
experimental investigation to advance understanding and development of flow battery devices. Figure
6.2 shows the flow battery system with pump and electrolyte reservoirs.
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Figure 6.2: In-lab all-vanadium redox flow battery system for experimental investigation (Figure and
battery cell assembly courtesy of V. Palmre)

Preliminary experimental tests were performed at charging and discharging of 40 mA/cm2 at an
electrolyte flow rate of 10 ml/min. Figure 6.3 shows the charge-discharge curves for 3 cycles.
Preliminary simulation results for the same conditions as those for the experimental test are shown in
Fig. 6.4 and Fig. 6.5.

Figure 6.3: All-vanadium redox flow battery experimental results for cycles 2 through 4 of
charging/discharging at 40 mA/cm2 with a volume of 15 ml of electrolyte in each reservoir and a flow
rate of 10 ml/min (Figure courtesy of J.W. Park)
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Figure 6.4: Preliminary simulation results of electrolyte potential for charging (left) and discharging
(right) cycles

Figure 6.5: Preliminary simulation results of electrode potential for charging (left) and discharging (right)
cycles

Simulation results and experimental results are similar in form; however, the model needs further
calibration to achieve accurate magnitude and charge/discharge times. Additionally, the experimental
results show unusual discharge curves, indicating there are design issues with the experimental flow
battery system.
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6.3 Anion Exchange Membrane IPMCs
An anion exchange membrane (AEM) is typically made of an ionomer which transports negatively
charged ions and restricts transport of positive ions, similar to, but opposite in transport mechanisms, as
the cation exchange membranes used in IPMCs. This type membrane has been utilized in applications
such as alkaline anion exchange membrane fuel cells, offering certain advantages over cation exchange
based fuel cells, including utilization of lower conductivity electrodes due to high over-potentials. In
case of IPMCs, as previously discussed, fabrication of the electrodes by state-of-the-art methods is
currently expensive, requiring multiple chemical depositions of gold, platinum, or palladium to achieve
suitable electrode conductivity. Implementing anion exchange membranes as the IPMC ionomer may
show promise for reducing fabrication time and cost. In this section, a simple actuation model based on
the IPMC modeling framework is developed to compare performance of such devices to traditional
IPMC simulations. The model for anion exchange membrane ionic polymer-metal composite actuators
utilizes the same COMSOL physics modules as throughout this work, namely transport of diluted species
and general form PDE modules to achieve the set of Poisson-Nernst-Planck equations. The primary
differences are in the membrane properties and simulation results. As one would expect, simulation
results suggest anion-type IPMC displacement in the opposite direction as that of traditional IPMCs.
A simple, 1D variation of the IPMC modeling framework has been used for comparison of mobilecation and mobile-anion membrane type actuators. The 1D model variation has been chosen to achieve
highly refined mesh size without being restricted by computational power. The distance between
boundaries was given as 0.5mm. The basic geometry is shown in Fig. 6.6, where a sine wave input of
0.5 V magnitude, 1 Hz frequency was used as input, applied to the left boundary identified by “Positive
V+” starting at time t=0 seconds.
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Positive

Negative

V+

V-

Figure 6.6: 1D simplified geometry for rapid-simulation comparison of actuator components

The 1D geometry shown in Fig. 6.6 is utilized for comparing cation-exchange and anion-exchange
membrane type IPMC actuators. These results provide theoretical predictions of the ion concentration
changes within these devices for similar operating conditions. Table 6.2 has the model parameter values
used in this section. The cation-exchange IPMC simulations are performed assuming a Nafion 117
membrane with Li+ mobile-cations at an initial concentration of 1200 mol/m3. The anion-exchange IPMC
simulations are performed assuming a Nafion 112 membrane with CO- mobile anions at an initial
concentration of 24.50 mol/m3 [85].

Table 6.2: Values used in simulations for cation/anion-exchange membrane comparisons.
Item

Cation-exchange IPMC

Anion-exchange IPMC

Diffusion coefficient (m2/s)

1e-10

1.153e-11

Charge coefficient, z

+1 (for Li+ ions)

-1 (for CO- ions)

Initial ionic concentration

1200 mol/m3

24.50 mol/m3
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For the case of the mobile-cation membrane based IPMC actuator, the results were as anticipated
with a steep gradient of cation rise in a small, near-boundary region of less than 5 μm in length near the
negative electrode. The cation concentration change across the domain in time is shown in Fig. 6.7. The
steep rise corresponds to a positive peak in the sine wave input signal at the opposite boundary during
those times. A close-up of the 5μm near boundary region is included in Fig. 6.7 for higher detail.

Figure 6.7: Simulated cation concentration for mobile-cation (traditional) type IPMC actuator across
1D domain (left) and in a small, near-boundary region (right) for mobile-cation type IPMC actuators

Temporal change in concentration at the right-most (V-) boundary for a traditional mobile cation
based membrane IPMC actuator in response to a 0.5 V, 1 Hz sine wave is shown in Fig. 6.8. The
direction of cation change is in the expected direction.
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Figure 6.8: Simulated cation concentration change at right-most boundary of a mobile-cation IPMC
in response to a 0.5 V, 1 Hz input signal across a 0.5 mm domain

For the case of the mobile-anion membrane based IPMC actuator, the results were as anticipated as
the opposite of that seen with the mobile-cation membrane based IPMCs. Additionally, although the
anion-rise was still mostly restricted to a near-electrode boundary, the change was more gradual, with
the region of anion-change as about 50μm as opposed to 5μm. The anion concentration change across
the domain in time is shown in Fig. 6.9. A close-up of a 50μm near boundary region is also included in
Fig. 6.9 for higher detail. Temporal change in concentration at the right-most (V-) boundary for the
mobile-anion based membrane IPMC actuator in response to a 0.5 V, 1 Hz sine wave is shown in Fig.
6.10. The direction of anion change is in the expected direction, opposite that of cation-change for
mobile-cation based membrane IPMC actuators. However, it is observed that the midpoint of the signal
drifts away from the initial concentration, appearing to diverge. This is likely a numerical issue and is
still being addressed.
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Figure 6.9: Simulated anion concentration for a mobile-anion type IPMC actuator across 1D domain
(left) and in a small, near-boundary region (right) for mobile-cation type IPMC actuators

Figure 6.10: Simulated anion concentration change at right-most boundary of a mobile-anion IPMC
in response to a 0.5 V, 1 Hz input signal across a 0.5 mm domain
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CHAPTER 7. CONCLUSIONS

In this work, a framework model for ionic electroactive polymer devices, with specific focus on ionic
polymer-metal composite materials, is presented with comparison to experimental results for exemplar
cases, such as rectangular and tube-shaped IPMC devices. Additionally, a force-coupling equation is
presented for DC actuation of IPMCs which can encompass back-relaxation effects. The simulation
results are in good agreement with experimental cases, suggesting the physics-based model accurately
depicts the underlying physics of the ion electroactive polymer devices that were investigated. The
governing physics can be applied to several ion transport actuation and sensing problems, as is
highlighted in Chapters 5 and 6. The presented modeling methods can assist research and development
of higher-performance devices through. This will allow characterizing performance of ionic electroactive
polymer devices through simulation before fabrication, which will be a significant cost reduction in
further development of these devices. Cost of fabrication is currently one of the main issues hampering
further industrial application of ionic electroactive polymer devices, thus utilization of the modeling
methods presented within can also influence industrial application.
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CHAPTER 8. RECOMMENDATIONS FOR FUTURE WORK

In this study, a modeling framework for ionic electroactive polymer devices is presented and
investigated for several applications. The simulation results show good agreement with experimental
tests for IPMCs of exemplar cases; however, there exist many other such ionic electroactive devices of
interest that should be further investigated for development improvements. For example, anion
exchange membrane based IPMCs were simulated and discussed, but still need be experimentally
validated. A full study of soft-robotic and ionic electroactive polymer devices can be carried out to
compare performance and operational mechanisms. This would be beneficial to material selection for
advanced applications in soft-robotics, microfluidics, biomedical engineering, and other similar fields of
study.
Additionally, materials characterization and further experimental studies can be performed to
improve simulation accuracy. Foremost, it is of great interest to observe the ion migration within an
electroactive polymer experimentally with time during actuation and sensing. These results can be
compared to simulations to experimentally validate the ion-migration results. This can be achieved with
a fluorescent imaging system.
Finally, further calibration and investigation should be done for flow battery systems in order to
achieve accurate simulation results. The preliminary model shows good agreement with experimental
results in terms of form; however, the magnitude and time are not similar.
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APPENDIX A: NOMENCLATURE

Jdiffusion : Cation flux in polymer membrane of IPMC due to diffusion
Jmigration in electric field : Cation flux in polymer membrane of IPMC due to migration in an electric field
Jconvection : Cation flux in polymer membrane of IPMC due to convection
D : Diffusion coefficient
C : Cation concentration
Ca : Anion concentration
C0 : Initial ion concentration
F : Faraday’s constant
ϕ : Electric potential inside the polymer of an IPMC
ρ : Charge density inside the polymer of an IPMC
μ : Cation mobility
z : Charge number
u : Cation velocity
R : Gas constant
T : Absolute temperature
Vc : Molar volume change which quantifies cation hydrophilicity
P : Solvent pressure
p : Polymer pressure
ε : Absolute dielectric permittivity
μL, λ : Lame’s constants
σij : Stresses
εij : Strains
u1 : Displacement in the x-direction
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u2 : Displacement in the y-direction
u3 : Displacement in the z-direction
E : Young’s modulus
ν : Poisson’s ratio
F : Body force
ρp : Polymer density
α : Experimental calibration coefficient
β : Experimental calibration coefficient
kr : Experimental calibration coefficient
δ : Free-end displacement used in strain calculations
L: IPMC length
h : IPMC thickness
r : Radius of curvature for strain calculations
k : Nondimensional displacement used in shear strain calculations (𝑘 = 𝛿𝑠ℎ𝑒𝑎𝑟 /ℎ)
𝑒⃑1 : Unit vector in 1-direction
𝑒⃑2 : Unit vector in 2-direction
𝑒⃑3 : Unit vector in 3-direction

J : Jacobian in strain calculations
𝐸𝑖𝑗 : Lagrangian strain tensor
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APPENDIX B: DERIVATION OF PRINCIPAL STRAIN FOR BENDING AND SHEAR CASES

Figure B.1 shows the two cases of interest for strain comparisons, where the width direction of the
IPMC is into the page. For the case of bending, one can find the deformation from Fig. B.1 to be
described as:
𝑥0
𝑟

𝑥0
𝑟

𝑥⃑ = (𝑟 − 𝑥20 ) sin ( 1 ) 𝑒⃑1 + [𝑟 − (𝑟 − 𝑥20 ) cos ( 1 )] 𝑒⃑2 + (𝑥30 )𝑒⃑3

(B.1)

The Lagrangian strain can be found from (B.1) as:

1

[𝐸𝑖𝑗 ] = 2
(

𝜕𝑥1
𝜕𝑥10
𝜕𝑥1
𝜕𝑥20
𝜕𝑥1
[𝜕𝑥30

𝜕𝑥2
𝜕𝑥10
𝜕𝑥2
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𝜕𝑥10 𝜕𝑥10
𝜕𝑥3 𝜕𝑥2
𝜕𝑥20 𝜕𝑥10
𝜕𝑥3 𝜕𝑥3
𝜕𝑥30 ] [𝜕𝑥10

𝜕𝑥1
𝜕𝑥20
𝜕𝑥2
𝜕𝑥20
𝜕𝑥3
𝜕𝑥20

𝜕𝑥1
𝜕𝑥30
𝜕𝑥2
−
𝜕𝑥30
𝜕𝑥3
𝜕𝑥30 ]

1
[0
0

0 0
1 0]
0 1

=[
)

−

𝑥20
𝑟

1 𝑥0
2 𝑟

2

+ ( 2)
0
0

0

0

0
0

0
0

]

(B.2)

where the maximum principal strain will simply be the E11 component, with 𝑥20 = −ℎ/2, that is:

ℎ

1

ℎ 2

𝜖𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙,𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 2𝑟 + 2 (2𝑟)

(3.15)

Figure B.1: Bending diagram (left) and the simple shear strain diagram (right) used for strain derivations
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For a free-end displacement of δ at the center of the thickness (𝑥10 = 𝐿, 𝑥20 = 0), the x2
component of displacement can be utilized to solve for 𝑟, that is:
𝐿
𝑟

𝛿 = 𝑟 [1 − 𝑐𝑜𝑠 ( )]

(3.16)

From deformation equations described in (B.1), the Jacobian can be found as the determinant of the
deformation gradient, that is:

𝐽𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =

𝜕𝑥1
𝜕𝑥10
𝜕𝑥2
det 𝜕𝑥 0
1
𝜕𝑥3
([𝜕𝑥10

𝜕𝑥1
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𝜕𝑥2
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𝜕𝑥30
𝜕𝑥2
𝜕𝑥30
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𝑥20
𝑟

(B.3)

with 𝑥20 = ℎ/2 for the top face:

𝐽𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 1 −

ℎ
2𝑟

(3.17)

For the case of simple shear, one can find the deformation from Fig. B.1 to be described as:

𝑥⃑ = (𝑥10 + 𝑘𝑥20 )𝑒⃑1 + (𝑥20 )𝑒⃑2 + (𝑥30 )𝑒⃑3

(B.4)

The Lagrangian strain can be found from (B.4) as:
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(B.5)

where the principal strains can be found by solving the Eigenvalue-Eigenvector problem for the
Lagrangian strain tensor, in which one can find:
𝜖𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙,𝑠ℎ𝑒𝑎𝑟 =

𝑘2
4

𝑘

𝑘2

±2√4 +1

(B.6)
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